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Abstract 
Lumbar Spinal Interneuron Activity as it Relates to Rhythmic Motor 
 Output in the Adult, Spinal, Air-Stepping Cat 
Chantal McMahon 
Michel Lemay, Ph.D. 
 
Interneurons of the lumbar spinal cord inherently maintain and modulate stepping. 
In order to advance therapeutic interventions for spinal cord injury, it is necessary to 
clearly understand both the localized locomotor spinal circuitry as well as the activation 
patterns within the spinal cord.  In this study, the structural organization of interneurons 
regulating antagonistic motor pools and the neural activation patterns driving behavior 
were investigated.  In-vivo extracellularly recorded neurons of the intermediate zone and 
ventral horn of the lumbar spinal cord were concurrently measured with hindlimb EMGs 
in the adult, air-stepping, spinal cat.  Our results demonstrate that spinal interneurons 
participate in one of two ensembles which are highly correlated to opposing muscle 
bursts during stepping. Furthermore, the interneurons’ firing phases were independent of 
their rostrocaudal locations.  These findings suggest that spinal interneurons act within 
networks tuned to opposing phases of stepping which are heterogeneously mixed 
throughout the lumbar enlargement. Spectral power of extracellularly recorded 
continuous multiunit signals was found to be greater in mid-lumbar segments L3-L5 
during stepping, supportive of previous lesioning studies isolating lumbar rhythmic 
generating centers to these segments in the cat. There was also greater multiunit power 
during the flexion phase of stepping than the extension phase of stepping in all lumbar 
segments.  Finally, the multiunit power showed no phase lag at coherent frequencies 
xiv 
 
throughout the lumbar enlargement indicative of a longitudinal standing wave of neural 
activation.  Together, these results support that the spinal multiunit activity behaves as a 
synchronously active distributed network of caudally decreasing rhythmogenic potential, 
with greater power during the flexion phase of stepping. Furthermore, the results are 
unique in that it verifies and extends previous findings from the isolated, neonatal spinal 
cord to the in-vivo, mature and behaving system.   
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Chapter 1: Introduction and Specific Aims 
 
1.1 Introduction and Significance 
 
1.1.1 Spinal Cord Injury and Therapeutic Relevance 
 
Spinal cord injury is estimated to occur in 15-39 million people per year 
worldwide 
1
 and impacts many vital functions such as bladder, bowel, sexual, cardiac, 
sensory and motor systems. In addition to movement recovery, improved locomotor 
function also provides health benefits including enhanced bone and muscle composition, 
better self-confidence and autonomy, cardiovascular improvements and metabolism 
benefits 
2
 and is a field largely in need of medical advancement and basic scientific 
research.  
Studies aimed at providing functional recovery of movement following spinal 
cord injury have focused on two main avenues: bridging the injured lesion site using 
regeneration 
3-7
 and utilizing the inherent circuitry of the spinal cord to produce behavior 
8-17
. Examples of the latter approach are seen in recent works involving intraspinal, 
epidural and spinal electromagnetic microstimulation 
8-18
. These therapeutic interventions 
can initiate involuntary bilateral locomotor-like activity in the spinal injured patient and 
have most recently provided evidence of voluntary control of standing and limited, 
assisted stepping in four paralyzed individuals 
15,16
. Further pursuit of improved methods 
for functional recovery following spinal cord injury necessitates a greater understanding 
of the underlying substrates driving motor control.  
2 
 
While studies of the spinal control of locomotion have mostly been conducted at 
the level of the single neuron, network scale analysis of neuronal population activity 
remains largely unexplored. Additionally, reviews of interventions indicate the necessity 
for a greater understanding of localized locomotor circuitry and activation patterns 
through high-density spinal cord neural recordings 
15
. Consequently, this study will 
investigate the behavior and interconnectivity of interneuronal locomotor networks 
through in-vivo recordings of extracellular activity in lumbar spinal segments 
during air-stepping in spinal cats.  
 
1.1.2 Theories of Spinal Locomotor Network Drive and Gaps in Current 
Knowledge 
 
To better understand the inherent rhythmic circuitry of the lumbar spinal cord, 
scientists are now looking to identify and localize the networks that are described by the 
theoretical models of the neural control of locomotion. The neural circuitry controlling 
rhythmic, motor output is termed the central pattern generator 
19,20
.  Theoretical models 
of the central pattern generator include the half center model 
19,21
 and the two level model 
22-26
 and will be further discussed throughout this study.  
There are conflicting hypotheses regarding the structure of the network drive 
which controls rhythmic behaviors in the spinal cord.  Results obtained through 
developmental studies in the postnatal mouse 
27
 and neonatal rat 
28
 indicate that premotor 
populations regulating antagonistic, hindlimb motor pools exist in spatially segregated 
groups along the lumbar enlargement, but these results have not been confirmed in the 
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adult cord 
29-31
. In addition to localizing the populations described in the models of the 
central pattern generator, no consistent conclusions have been made regarding the 
activation patterns of these populations spread across multiple lumbar segments. Popular 
theories of organization for such patterns include a rostrocaudal traveling wave 
32-36
, a 
longitudinal standing wave 
30,37
, and a modular organization of lumbar premotor control 
38-41
. These models of spatial organization have been shown in a number of different 
rhythmic behaviors and species and will be reviewed in the background.  
This study has been designed to explicitly address the inconsistencies in the 
field regarding the organization of locomotor related networks by investigating the 
structural organization of interneurons regulating antagonistic motor pools as well 
as their activation patterns during locomotor behavior. By using an adult feline 
model of the spinal control of locomotion, this study will impact basic science 
initiatives aimed at understanding the organization of cellular populations driving 
rhythmic behavior in an attempt to bind theoretical and anatomical models.   
 
1.2 Research Plan and Specific Aims 
 
The neural constituents responsible for the control of hindlimb locomotion have 
been localized to the intermediate and ventral horn of the lumbar enlargement 
31,42-52
. 
These studies have determined that the vital areas for rhythmic alternation are in mid-
lumbar segments and areas with lesser, yet meaningful involvement in rhythm generation 
are further caudal in the lumbar enlargement 
31,53,54
.  These regions are the focus of this 
study and the following overarching questions define the scope of this project: 
4 
 
 
1)  How do interneurons of the intermediate and ventral horn of the lumbar spinal 
cord relate to locomotion?  
2)  Based upon their firing during stepping, do interneurons form significant groups 
that could indicate the existence of networks defined by functional connectivity?  
3)  If these networks exist, how do they relate to stepping and what does this relation 
tell us about the underlying network properties of locomotion control?  
4)  Does the behavior of these spinal interneurons and their network circuitry fit into 
the theoretical models of the central pattern generator and the neural control of 
locomotion?  
5)  Is there an anatomical correlate between interneuron function and location, 
indicative of a structural organization of locomotor driving networks within the lumbar 
spinal cord? 
6)  And finally, based upon the behavior of these neurons during stepping, can we 
detect rostro-caudal patterns of activation that may have a clinical relevance for 
therapeutic stimulation parameters?  
 
1.2.1 Specific Aim 1: Characterize spinal interneuron activity and location during 
locomotion 
 
With recent advancements in neural recording technologies, scientists are able to 
record from larger populations of simultaneously active neural networks 55,56. These 
applications are also being applied to the study of the spinal cord 31,37,57-59, but to our 
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knowledge, ours is the only preparation where large populations of intermediate and 
ventral horn neurons are being recorded extracellularly and in-vivo in the adult, stepping 
model with proprioceptive afferent feedback intact. Firing patterns of locomotor related 
spinal interneurons have been classified into phasic, tonic and delayed response 60 as well 
as flexor tuned (“in phase”), extensor tuned (“out of phase”) and mixed tuning 31 in 
neonatal rodents and adult cats 61. Furthermore, many studies of the hindlimb 
intermediate and ventral horn interneurons relate the neural firing to ipsilateral and 
contralateral motor output 28,29,43,58,62-65.  
The first aspect of aim 1 is to characterize the firing behavior of spinal 
interneurons during stepping. The purpose of this effort is two-fold. The first reason is to 
compare our findings to other methods and animal models. Second, these findings will be 
essential in characterizing aspects of the central pattern generator and rhythmic 
locomotor drive present in the adult cat. Classifications of single neuron firing properties 
will include tonic and phasic firing patterns. Further sub-classifications of phasic firing 
will include unimodal and bimodal firing which will be studied for the preferred 
activation time during a step. Based upon previous evidence in our group of spinal 
interneurons of the intermediate zone in the adult cat 29 as well as evidence from spinal 
interneurons of lamina VII in the neonatal mouse 58, we hypothesize that interneuronal 
activity of the intermediate and ventral horn of the lumbar cord will display significant 
unimodal tuning during swing and the transition to stance.  
The main benefit of recording from populations of simultaneously active neurons 
is the ability to discriminate networks of cells that function similarly during behavior. 
These networks are often defined as ensembles or cell assemblies and have been studied 
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to describe the neural circuitry associated with many behaviors and disorders 55,66-74. In 
addition, recent studies of the spinal cord have also focused on the ensemble activity 
associated with sensory and motor systems 37 and specifically, the spinal control of 
locomotion 58,59,75-77. Isolating neural ensembles associated with the control of 
locomotion will allow for greater insight into the timing and drive of spinal locomotor 
networks and is the second aspect of our first specific aim, sub aim 1b. Based upon 
evidence of flexor and extensor related populations within the lumbar spinal cord 31,62, we 
hypothesize that spinal interneurons of the intermediate and ventral horn will group into 
ensembles that are associated with specific locomotor phases. Furthermore, we 
hypothesize that neural ensembles will provide a greater description of the motor output 
than the activation patterns of single spinal interneurons alone or the entirety of all 
simultaneously recorded spinal neurons together.  
In addition to classifying spinal interneurons according to their activation patterns 
during stepping, these studies have attempted to localize networks of cells based upon 
their activation patterns and target outputs during rhythmic behavior 27,31,43,60. While the 
findings of these studies have conflicting results, they are likely due to discrepancies 
between the age and species of the models being studied as well as the methods of 
rhythm initiation. It is for that reason that the final aspect of our first specific aim, sub 
aim 1c, is to determine if there is spatial segregation of spinal interneuron populations 
tuned to opposing phases of the step cycle within the lumbar enlargement. Based upon 
previous findings in our lab in lamina V-VI of the adult cat 29 as well as results in the 
neonatal rat 31 for interneurons of the intermediate and ventral horn of the lumbar cord, 
we hypothesize that spinal interneurons tuned to separate stepping phases will not group 
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into homogeneous populations within the lumbar cord. Taken together, we believe that 
the results of this study can substantially add to the knowledge of the activation patterns, 
networks and locations of constituents of the neural control of locomotion in the mature 
spinal cord.  
 
1.2.2 Specific Aim 2: Characterize spinal interneuron multiunit activity during 
locomotion 
 
 While our first specific aim analyses the relationship between single and multiunit 
discrete spike times and stepping, our second specific aim explores the same relationship 
by the analysis of the continuous multiunit signal. Unlike discrete spike times, continuous 
multiunit signals are thought to represent a weighted compilation of all of the electrical 
potentials carrying neural information about the system within a broader area around the 
recording electrode (~140-300um radius) 
78
. Analyzing multiunit activity allows for a 
descriptive approach to the large scale activation patterns and comparisons between 
neural power for distinct behavioral conditions and locations. 
 Previous studies have isolated the segments of the lumbar enlargement vital to 
rhythmic generation of hindlimbs as L3-L5 
45,53
 in the adult cat and demonstrated some 
rhythmogenic potential in caudal segments as low as S1
54
. The first part of our second 
specific aim, sub aim 2a, involves comparing the relative multiunit power at each lumbar 
segment during stepping. In our study, relative power represents the power in the 
multiunit activity during stepping normalized by the power at rest. By comparing the 
spectral power of the envelope of multiunit activity at different spinal segments, we 
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hypothesize that the lumbar segments responsible for rhythmic generation during 
stepping will exhibit the greatest relative power and that these segments will be 
consistent with previous findings.  
Based upon activation differences in extensor and flexor motor output during 
stepping anomalies called deletions, scientists hypothesize that the motor output 
differences are reflective of asymmetric interactions between the flexor and extensor half 
centers 
24,26,57,79
. We believe that comparisons of the spinal multiunit power during 
flexion and extension phases can provide evidence supporting or refuting claims that the 
motor output differences seen in deletions are in fact reflective of spinal interneuron 
drive. The second aspect of the second specific aim, sub aim 2b, is to characterize the 
differences in the power of the multiunit activity during flexion and extension phases of 
stepping. Additionally, we aim to characterize these differences across frequencies in 
order to elucidate the spectral distribution of multiunit activity power throughout the 
cord. Based upon the results from the first specific aim showing single unit populations 
with similar number of units tuned to opposing phases of stepping, we hypothesize that 
the power of the multiunit activity during extension will not be different than the power 
of multiunit activity during flexion.  
Historically, scientists have studied the gross rostrocaudal activation patterns of 
spinal interneurons throughout the dorsal, intermediate and ventral horns.  The spatial 
progression of neural activation during rhythmic behaviors is seen as an indication of the 
organization of the central pattern generator. Previous activation patterns of spinal cells 
seen in rhythmic behaviors include the rostrocaudal traveling wave, the synchronously 
active longitudinal standing wave and a nonlinear modular organization. The final aspect 
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of our second specific aim, sub aim 2c, is to determine the progression of neural 
activation along the lumbar cord in lamina V-VII in the air-stepping cat. We plan to 
address the matter through coherence and phase measures of simultaneously recorded 
populations, distributed across the lumbar enlargement. Based upon previous findings in 
more dorsal lumbar areas of the air-stepping cat, we hypothesize that the spinal cord 
interneuronal networks behave in a longitudinal standing wave of synchronous activation 
along the lumbar enlargement.  
Previous studies aimed at addressing aspects of the spinal control of locomotion 
inferred spinal network drive via isolated spinal segment activation or immature rodent 
models. While useful, these applications do not include biologically relevant sensory 
feedback into the spinal cord or a clinically relevant understanding of the mature spinal 
control of locomotion. Taken together, the results of this study will provide information 
regarding the organization and functional connectivity of in-vivo interneuronal network 
activation during stepping in the mature spinal cord with proprioceptive afferent feedback 
intact.  
 
1.3 Background and Significance  
 
1.3.1 Anatomy of Motor Control 
 
Previous studies have described components of the structural layout of the spinal 
cord including the cell types and function of spinal tracts, dorsoventral spinal laminae and 
rostrocaudal spinal segments. The three dimensional anatomy is roughly consistent 
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between higher order mammals and understanding this structural layout is vital in 
studying the cellular arrangement of locomotor circuitry. Additionally, while neuron 
tracing and spinal gross lesioning studies have provided structural clues about the layout 
of the locomotor circuitry, recent developmental studies provide important information 
regarding the organization and function of these systems.  
 
The Spinal Cord: Development 
 
During development, spinal cord cell types (neurons and glia) develop from 
progenitor cells of the neural plate in the ectoderm. The caudal aspect of the neural tube 
forms the spinal cord which is further subdivided via floorplate cells at the ventral 
midline and roof plate cells at the dorsal midline. Neural crest cells migrate from the 
dorsal tube to generate dorsal root ganglion neurons while motor neurons are 
differentiated ventrally from neuroepithelial cells and commissural neurons differentiate 
dorsally near the roof plate.  
The neurons of the spinal cord are anatomically referenced by divisions termed 
spinal laminae 
80
 and their location during development is determined by signals from 
non-neural cells at the midline of the neural plate. Dorsally located, sensory processing 
neurons are defined by the expression of bone morphogenic proteins from the epidermal 
ectoderm and the roof plate at the dorsal tips of the neural fold. Ventrally located, 
movement involved neurons are determined by the expression of sonic hedgehog proteins 
at the notochord and floor plate cells of the ventral midline
81
.  
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It is now the focus of many studies to genetically identify spinal cell types that are 
involved in rhythmic motor control. Interneurons involved in ipsilateral flexor-extensor 
alternation 
62,76,82
 and left-right rhythmic generation 
60,63,83-88
 are being identified in 
neonatal rodent models and have led to the description of many classes of interneuronal 
cell types, including those that regulate speed 
89-91
. Inhibitory commissural interneurons 
are participants of the V0 interneuron class vital for left-right alternation
85
. V2a 
interneurons are not necessary for spinal rhythm generation, but have been shown to 
participate in left-right alternation 
60,84,91,92
. V1 spinal interneurons regulate locomotor 
speed 
89
, while V3 interneurons stabilize and maintain rhythmic motor output 
87
.   
 
The Spinal Cord: Anatomy  
 
 In order to explore interneuronal network connectivity and function, one must 
first understand the basic anatomy and layout of cells within the spinal cord grey matter. 
In addition, knowledge of the function of spinal white matter tracts which ascend and 
descend the spinal cord providing sensory and motor information to and from the brain is 
also relevant.  In the sections below, the spinal tracts and their function as well as the 
basic location and organization of sensory and motor cells across the spinal lamina of the 
dorsal and ventral horns will be discussed. Additional information will be provided 
regarding the breadth of neural dendritic arborizations within and across spinal segments 
in order to explain the known anatomical organization of neural connectivity. 
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Rostrocaudal Spinal Anatomy 
 
The neuronal cell bodies within the spinal cord form the spinal grey matter and 
their relative layout is preserved throughout the rostrocaudal axis of the spinal cord. The 
cord is divided along its rostrocaudal axis into a number of spinal segments innervating 
consecutive areas of the body. Segments are defined by the areas of innervation of their 
ventral and dorsal roots. Cervical segments innervate the head, neck and forelimbs. 
Thoracic segments innervate the trunk while lumbar and sacral segments innervate the 
lower back and hindlimbs. This dissertation work will strictly focus on the relationship 
between the lumbar enlargement of the spinal cord and the generation of hindlimb 
locomotion in the adult feline. 
White matter tracts made up of myelinated axons surround the spinal grey matter 
and provide ascending sensory information from the body to the brain and descending 
motor information from the brain, or supraspinal systems, to the body. In addition to 
ascending sensory and descending motor pathways of the spinal cord, there are 
propriospinal pathways that locally connect multiple spinal segments. Propriospinal 
pathways contain both collaterals from primary afferents as well as axons from spinal 
interneurons that connect multiple spinal segments 
93
 and some are thought to be 
responsible for intersegmental coordination of motor activity
94,95
. Acknowledging and 
understanding the existence of propriospinal pathways is important in studying spinal 
injury as these spared pathways can often transmit information across lesioned spinal 
segments.  
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A single propriospinal neuron is estimated to synaptically influence several 
hundred to several thousand neighboring cells within a two to four millimeters range. 
Correspondingly, each propriospinal neuron is thought to receive recurrent synaptic input 
via several hundred propriospinal and motor neurons 
96
. These count estimations alone 
attest to the complexities that arise when attempting to understand the spinal circuitry 
involved in rhythm generating behaviors such as locomotion. 
 
Dorsoventral Spinal Anatomy 
 
The Dorsal Horn 
 
The mature spinal cord contains ten spinal laminae that are distributed from the 
dorsal surface of the grey matter to the ventral surface and are delineated based upon cell 
morphology as seen through Nissl staining
80,97
. As described above, the dorsal horn 
contains sensory projections from dorsal root ganglia to lamina I – VI. Laminae I and II, 
termed the marginal layer and the Substantia Gelatinosa, respectively, contain 
nociceptive neurons that receive ipsilateral pain input from small diameter, primary 
afferent Aδ and C fibers from the periphery. Laminae III and IV run parallel to laminae I 
and II and receive ipsilateral synaptic input from nonnoxious, Aβ fibers. Additionally, 
neurons of lamina III and IV receive synaptic inputs from cutaneous afferent fibers 
81
. 
It has been shown that some of the axons in the dorsal column nuclei project from 
cells of lamina IV and V. The dorsal column-medial lemniscal system is the spinal 
ascending tract that sends sensory information such as fine touch and proprioception from 
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the type I mechanoreceptors 
98
 to supraspinal areas. Other projections of the tract come 
directly from the cell bodies in the dorsal root ganglion.  
It is estimated that the feline adult spinal cord contain 550-800 non primary dorsal 
column pathway neurons in lamina III, IV and V of the lumbar enlargement 
98,99
. The 
spread of dendritic arborizations, or the size of impulse receiving area of a cell, can 
partially explain the capability of network connectivity. The dendritic arborization of the 
non-primary dorsal column neurons can span up to 1mm across the dorsoventral aspect of 
the lumbar spinal laminae, but reach only a span of 200-300um of rostrocaudal spread 
98
. 
This indicates that the information that dorsal column pathway cells receive are localized 
to a particular section of a spinal segment 
98
. 
 
The Intermediate Zone 
 
Neural populations ventral of lamina IV share a commonality in that their 
projections occur in a 2 dimensional fashion along the transverse plane of the ventral 
spinal cord and infrequently span greater than 300-400um along the rostrocaudal axis. It 
is important to note that there are spinal neurons within these populations whose 
dendrites can reach a dorsoventral span from lamina III to lamina VII and indicate the 
breadth of neural transmission across spinal lamina for both sensory and motor systems, 
spanning the spinal intermediate zone. 
Lamina V and VI make up the neck of the dorsal horn and are situated at the 
border to the ventral horn. Lamina V neurons receive direct and indirect projections from 
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Aβ, Aδ and C fibers while lamina VI neurons receive projections from muscles and 
joints. An abundance of primary afferent fibers terminate in lamina VI, which together 
with lamina VII are termed the intermediate zone. These laminae have been shown to 
receive direct input of arborized collaterals from Ib fibers of the golgi tendon organs 
98
. 
Dorsomedial cells of laminae V, VI and VII are thought to be the origin of the ventral 
spinocerebellar tract around lumbar segments 2-3 and transmit proprioceptive, fine touch 
and vibration information following a double decussation to the cerebellum.  
The areas between the dorsal horn (laminae I-IV) and the motor pools (lamina IX) 
are considered the ‘real interneurone system’ 98. As discussed further in subsequent 
sections, this area of the lumbosacral spinal cord is vital for the production and adaptation 
of rhythmic movement behaviors such as swimming, scratching and locomotion and will 
be the focus of this study. 
 
The Ventral Horn 
 
Ventral horn laminae VII and VIII respond to contralateral stimuli and contain 
polysynaptic connections of nociceptive input. This nociceptive input, whereby the cell 
bodies transmit pain, temperature and crude touch information to the brain is transmitted 
through the spinothalamic tract and originates in cell bodies within the dorsal horn. 
Lamina VII contains Clarke’s nucleus and the intermediolateral nucleus at identified 
spinal segments. Clarke’s nucleus terminates caudally at approximately lumbar segment 
4 and is known as the location for the second order neurons of the dorsal spinocerebellar 
tract (DSCT). The DSCT transmits proprioceptive information from ipsilateral (group I 
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and II muscle fibers) muscle spindles and golgi tendon organs via large tract neurons and 
small inhibitory interneurons of Clarke’s nucleus to the cerebellum 98.  Lamina VIII is 
medially situated at the levels of limb enlargements and contains a diverse population of 
commissural interneurons whose axons project contralaterally and are thought to be 
centers vital to left-right communication 
96
. 
Ventral horn lamina IX contains motor neurons whose axons directly innervate 
muscle fibers throughout the body and display a highly consistent structural and 
functional layout 
98
. The layout of these motor neurons plays an important role in theories 
and models of the premotor spinal control of movement, to be further discussed in 
subsequent sections.  
Motor neurons’ mediolateral position within the ventral horn relate to the 
laterality of the muscles to which they project. Medially located motor pools innervate 
proximal muscles while laterally located motor pools innervate distal, peripheral muscles.  
Within these mediolateral subdivisions of motor neurons, there is also an additional 
mediolateral delineation between the medially situated hip, knee and ankle flexors and 
the laterally situated hip, knee and ankle extensor motor neuron populations 
100
.  
In addition to a mediolateral layout, a surprisingly consistent organizational 
scheme exists for the rostrocaudal distribution of motor pools as seen by systematic 
horseradish peroxidase injection of 50 different muscles in the cat 
100
. This study 
concludes that motor pools for anterior muscles of the hindlimb are located rostrally 
within the lumbar enlargement, while motor pools of lateral and distal muscles are 
located caudally. Additional support of this schematic was provided from intraspinal 
microstimulation of lumbar motor pools while observing the corresponding muscle 
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activation of the cat hindlimb 
101
. Motor pools of the anteriorly located flexor muscles of 
the hip are further rostral in the ventral horn relative to the hip extensors. However, 
posteriorly located knee flexor motor neuron populations are located caudal to the motor 
neuron population of the anteriorly positioned knee extensors. Finally, the motor pools 
innervating 27 hindlimb muscles of the cat span from caudal L4 to S1 and are activated in 
a rostrocaudal oscillatory behavior during stepping. During stance, the caudal motor 
pools are active and the activity shifts rostrally during swing 
102
. 
In addition to spatial layout of the motor neurons, there are differences in 
functional types of motor neurons. Alpha motor neurons are considered the largest cell 
bodies in the spinal cord and together with gamma motor neurons make up the spinal 
motor nuclei that directly innervate muscle fibers. Alpha motor neurons innervate 
extrafusal muscle fibers while the efferent signals from intrafusal muscle fibers are 
derived from beta and gamma motor neurons 
103
. Alpha-gamma motor neuron 
coactivation is an important spinal feedback mechanism that combines afferent input to 
regulate intrafusal muscle sensory systems with extrafusal skeletal muscle contraction to 
refine movement 
104,105
.  
Motor neuron dendrites have been shown to extend dorsally as far as lamina V 
and VI as well as into the ventral and lateral white matter 
98
, but their recurrent collaterals 
frequently remain ipsilateral. Furthermore, these recurrent collaterals rarely extend 
further than half of a spinal segment (5mm in young adult cat) from their cell body 
rostrocaudally 
96
, although 10-20% of these recurrent branches have been shown to 
extend up to one to three segments away 
96
.  
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Additionally, numerous inhibitory interneurons have been identified near the 
motor pools. These inhibitory interneurons have been implicated in the spinal control of 
locomotion. Renshaw cells, located at the lamina VII ventro-medial border of lamina IX, 
are inhibitory interneurons, stimulated by cholinergic release from motor neurons, that 
inhibit homonymous and synergistic motor pools in a negative feedback fashion aimed at 
stabilizing firing rates and motor neuron excitability 
81,96,106
.  
Other short-axoned inhibitory interneurons include the Ia inhibitory interneurons 
81,107
 that are located in the deep ventral horn of lamina VII at the dorsomedial border of 
the motor pools. Their function plays an important role in reflex chains and inhibits 
antagonist muscles from firing, thereby preventing coactivation of agonist-antagonist 
pairs during select behaviors. In addition to receiving inhibitory input as well as recurrent 
input, motor neurons have been shown to receive monosynaptic input from both groups 
Ia and II primary afferent fibers 
108
. Finally, lamina X, or substania grisea centralis, 
surrounds the spinal central canal located between the left and right halves of the spinal 
column and is also involved in locomotion  
97,98,109
. 
  
Muscles and Afferent Systems 
 
Motor Unit and Muscle Fiber Physiology 
 
In addition to understanding the anatomy of the spinal cord, it is equally important 
to consider the musculoskeletal system and particularly the muscles themselves. 
Knowledge of muscle anatomy and physiology is vital for a complete understanding of 
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motor system circuitry; linking spinal circuitry from sensory input to spinal motor output. 
The following section describes the makeup of muscles as well as the functional 
implications of groups of muscles working collectively. 
The body’s ability to locomote results from motor neuronal input which induces 
contraction of skeletal muscles in concert with tendon and joint motion. Skeletal muscles 
are comprised of muscle units. A muscle unit includes all of the contractile muscle fibers 
that are innervated by the same motor neuron. Each motor neuron’s action potentials 
synchronously activate the muscle fibers of their unit via the motor end plate. The force 
of the muscle contraction increases with increased frequency of the motor neuron’s action 
potentials 
81
. In this way, it is important to understand the patterned neural input of motor 
neurons upon muscle fibers, whose makeup varies between distinct muscles. 
There are three distinct muscle fiber types. Type I fibers are slow twitch fibers 
whose response is slow to motor neuron input. While more fatigue resistant, Type I fibers 
cannot produce as great a contractile force as other fiber types due to their small size and 
smaller number of filaments. Muscles that are composed of type I fibers are deep red in 
color due to the greater concentration of capillaries providing oxygen and glucose from 
the bloodstream. A specific example of a fatigue resistant muscle is the soleus, an ankle 
extensor. In this study, the soleus is closely examined as its activation marks the onset of 
extension during the locomotor step cycle. 
Type II fibers are considered fast-twitch fibers and consist of two groups. Type 
IIB fibers are fast fatigable, fast twitch fibers that quickly deplete large glycogen stores 
causing a buildup in lactic acid, resulting in slower recovery. These fibers produce the 
greatest tetanic tension of the three fiber types with a low contraction time. Type IIA 
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fibers are fast fatigue-resistant, fast twitch fibers that produce less tetanic tension than the 
type IIB, but are less fatigable. Together these muscle fiber types allow for a variety of 
behaviors from fast, strong contractions to slow, sustained activity. 
Most muscle fibers are attached to connective tissue across the muscle body that 
gathers to form the tendon which inserts into the bone. Muscle fibers have also been 
shown to organize in series, in parallel or in an asymmetric, tapered fashion depending on 
the length and complexity of the muscle and motor unit innervation 
110,111
. Because 
muscles are only capable of contracting/pulling, they require an antagonist muscle to 
counteract the motion. This agonist/antagonist organization is important in locomotion as 
it allows for flexion and extension motions at a joint.  
 
Sensory Systems of the Muscle 
 
In addition to their contractile capabilities, muscles also contain sensory 
components that transmit length, velocity and tension information back into the spinal 
cord via afferent sensory pathways. Joint motion caused by muscle activation or external 
perturbation result in length and velocity changes in the muscle. These length and 
velocity changes are detected by sensory receptors in the muscle body, called muscle 
spindles 
112
. These muscle spindle sensory receptors are important components in 
feedback and adaptation during motor behaviors such as locomotion and their impact will 
be discussed in the subsequent gait modification section. Additionally, while the focus of 
this study does not involve any input from supraspinal systems, afferent feedback from 
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the hindlimbs remains intact. Therefore, the following information describes the function 
of sensory muscle spindle systems included in our system of interest. 
Muscle spindles consist of intrafusal muscle fibers whose sensory endings 
increase their firing rate as the muscle is stretched and decrease firing rate as the muscle 
length shortens. Intrafusal muscle fibers are innervated by small diameter gamma motor 
neurons whose role is to modify the sensitivity to stretch of the muscle spindle. 
Additionally, the sensory receptors surrounding these muscle spindles are classified as 
two types. Type Ia sensory fibers are primary spindle endings that detect muscle length 
and velocity and surround the belly of nuclear bag and chain fibers. Due to the larger 
diameter of these sensory fibers, they respond quickly to changes in muscle length. Type 
II sensory fibers are called secondary spindle endings and detect muscle length by 
surrounding only the static nuclear bag fiber and nuclear chain fibers. They are activated 
at a threshold 2-5 times that of the type I sensory fibers. 
A third type of sensory fiber that transmits muscle tension information back to the 
central nervous system is type Ib, the golgi tendon organ (GTO). These receptors are 
organized in series with muscle fibers and are located between the muscle fiber and the 
tendon. The GTO discharge rate is linearly correlated to the force in the muscle and has a 
low threshold similar to that of the Ia afferents 
112
. Human modeling studies have 
provided ample evidence that the cooperative action of muscle spindles and golgi tendon 
organ afferents create improved feedback of joint position and muscle-tendon length to 
the spinal cord 
113
. 
In addition to muscle sensory fibers, there are also sensory receptors that transmit 
information from joints and skin back to the central nervous system. Somatic sensory 
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modalities include touch, temperature, pain and proprioception and include a variety of 
distinct receptor types.  Cutaneous and subcutaneous mechanoreceptors transmit 
information about touch, pressure, vibration and skin stretch via Aα and Aβ afferent 
fibers groups. Pain and temperature information is transmitted from thermal and 
nociceptive receptors via Aδ and nonmyelinated C afferent fibers of groups III and IV. 
Together with joint capsule mechanoreceptors and stretch sensitive free endings, muscle 
spindle receptors and the golgi tendon organs provide proprioceptive information, or the 
sense of location and movement of the body, back to the central nervous system.  The 
dorsal root ganglion axons project both to their sensory endings in the periphery (primary 
afferent fiber) and back to the spinal cord.   
It is also important to note that there is a distinct mapping of sensory innervation 
across the body in sections called dermatomes. Each dermatome is innervated by a single 
dorsal root which translates to a spinal segment and is consistent across animals of the 
same species. 
This review of the structural layout of the spinal cord, muscle systems and 
sensory afferents provides an appropriate background to begin to describe aspects of the 
neural control of movement; more specifically the neural control of locomotion in the 
mammalian nervous system.  
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Review of Spinal Interneurons and Constituents of Locomotor Circuitry 
  
 Sensory Interneurons (First Order) 
 
 Sensory interneurons are those that receive input from peripheral influences such 
as muscles, joints and cutaneous afferents. First order interneurons are described as those 
that are first in line to receive such monosynaptic sensory afferents. The classification of 
eight dorsal horn populations has been established during development of the spinal cord 
as dI1-dI6, dILA and dILB 
114
. These populations differ by the expression of 
homeodomain factors as well as their dependence on roof plate signals. dI1 and dI2 
neurons are located in the deep dorsal horn and send information contralaterally and to 
supraspinal systems. Additionally, dI1 interneurons differentiate into proprioceptor 
interneurons and participate in the spinocerebellar tract. dI4-dI6 interneurons represent 
the extensor and flexor premotor interneuron populations
115
. These populations project 
excitatory and inhibitory influences upon motor neuron populations and have been shown 
to be spatially segregated in the neonatal mouse spinal cord where extensor premotor 
populations are medial to flexor premotor populations and develop later 
27
. Furthermore, 
dILA and dILB neurons are first order interneurons
116
 that are situated dorsally and 
integrate sensory information to ipsilateral targets for such sensory modalities as 
nociception
114
.  
First order interneurons have been shown to have the highest density within the 
L5-L7 spinal segments, but extend up to the L1 segment 
116
. Interneurons receiving group 
Ia afferents (muscle length) have been localized to laminae V, VI, dorsal VII, 
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surrounding the motor nuclei and in lamina VIII. Ia inhibitory interneurons are also 
classified as last order interneurons as they function to inhibit antagonist motor pools and 
are located in the ventral part of lamina VII, near the motor nuclei with the same Ia input. 
The conduction velocity of Ia inhibitory interneuron axon is ~70 m/s and ~10 m/s in the 
collaterals in the grey matter
116
. Ia inhibitory interneurons have been shown to discharge 
bursts following stimulation of afferent fibers and during rhythmic movements. They 
have also been shown to display tonic firing of ~34 Hz (between 20-110 Hz) in a 
decerebrate preparation.  Ia inhibitory interneurons may function to modulate flexor and 
extensor activity during locomotion and have been implicated as receiving excitatory 
drive from the central pattern generator 
117
. 
Additionally, interneurons receiving group Ib afferents (muscle contraction) have 
been found in laminae V, VI, dorsal VII and VIII. Inhibitory Ib interneurons were most 
numerous in L6 and L7 spinal segments, but were detected throughout L5-S1.  
Conduction velocities of the Ib inhibitory interneurons range from 20-50 m/s. Up to 50% 
of intermediate zone interneurons with Ib input have converging inputs from both group 
Ia and Ib afferents
116
. Additionally, group Ib afferents are implicated in the non-
reciprocal inhibition of synergist motor neurons; However, during locomotion in the 
spinalized cat, stimulation of Ib afferents have produced excitation of extensor motor 
neurons that are phasically modulated and may be a source of rhythmic excitation to 
motor neurons during locomotion
117
.   
Finally, interneurons receiving group II muscle afferents (likely from the muscle 
spindle) were localized to laminae IV-V, VI-VIII and more often found in L4-L5 than 
caudal lumbar segments
116
. These neurons have synapses on motor neurons and can 
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project over several lumbar segments, although the majority of their motor neuron 
influences have been shown to be mediated through ipsilateral interneurons of lamina VI 
and VII 
117
. Additionally, they receive inputs from such descending tracts as the 
rubrospinal, vestibulospinal, corticospinal and reticulospinal neurons and have been 
found to have both excitatory and inhibitory populations in the cat.  These group II 
interneurons are rhythmically active during fictive locomotion, although their 
involvement may be limited due to inhibited group II potentials during MLR evoked 
locomotion 
117
. In terms of other sources of afferent feedback, interneurons receiving 
joint receptor afferents were located in laminae I, V-VI and VI-VIII. Also, interneurons 
receiving input from group III and IV muscle afferents (from muscle stretch and 
contraction) were found in laminae I, IV-VI. Finally, GABAergic interneurons of laminae 
V and VI have been shown to receive primary afferent input, include projections to motor 
neurons and are rhythmically active during locomotion 
117
.  
 
 Commissural Interneurons 
 
 The term commissural interneuron applies to many different cells with different 
inputs, target cells, postsynaptic function (excitatory and inhibitory) and locations; 
however they all project to contralateral targets 
118
. The vast majority of commissural 
interneurons are localized in the medial portion of lamina VIII, however bilateral 
projections have been found in inhibitory dorsal horn neurons and excitatory lamina VII 
interneurons
118
. Two groups of commissural interneurons from L3-L6 project to 
contralateral, caudal motor neurons; the first receives first order input from reticulospinal 
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neurons, vestibulospinal neurons as well as group I afferents and the second receives first 
order input from group II afferents.  
In addition to contralateral motor neuron populations, commissural interneurons 
have been shown to project to contralateral laminae VI – VIII, overlapping with premotor 
populations.  Other populations have been shown to receive excitatory projections from 
the pyramidal tract neurons, implicating them in voluntary movement. Additionally, these 
cells are rhythmically activated by MLF stimulation, implicating them in locomotor 
networks. Furthermore, commissural populations have been shown to influence Ia 
interneurons as well as Renshaw cells, further implicating them in the involvement of 
rhythmic movement circuits 
118
. 
Scientists have also studied the genetic derivation of commissural interneurons. 
Some commissural interneurons are thought to be derived from V0 postmitotic cells
117
. 
Ventral V0 cells are localized to lamina VIII and have been shown to project 
monosynaptically onto contralateral motor neurons. 70% of V0 commissural interneurons 
are inhibitory and 30% are excitatory.  One excitatory commissural population receives 
inputs from the reticular formation and the vestibular nuclei. The V0 cells are also 
rhythmically active during locomotion and their ablation leads to inconsistencies of left-
right alternation, although there is no change in ipsilateral flexor-extensor alternation
117
. 
The V3 class is interneurons have been shown to excite contralateral motor neuron 
populations and have been shown to affect locomotor rhythm in the mouse 
87
.   
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 Premotor Interneurons (Last Order) 
  
 Last order, or premotor, interneurons are named as such because they are the final 
interneuron connecting directly to motor neurons
116
. Last order interneurons have been 
shown to exist upwards of 4 
116
 to 6 
59
 spinal segments away from the motor nuclei to 
which they project. While the majority of last order interneurons are located in medial 
laminae V-VII, cells and fibers have also been detected in laminae I-IV, V-VI and VII-
IX
59
. One type of last order inhibitory interneuron is the Renshaw cell. These cells are 
responsible for the recurrent inhibition of homonymous and synergistic α-motor neurons 
based upon input from α-motor neuron axon collaterals and also project to VSCT 
neurons, Ia inhibitory interneurons and other Renshaw cells. While Renshaw cells have 
been shown to be rhythmically active during locomotion, they are not thought to be 
involved in rhythm generation. They may receive rhythmic input from the central pattern 
generator via commissural interneurons and modulate the frequency of motor neuron 
output. Renshaw cells and Ia inhibitory interneurons are derived from postmitotic V1 
interneurons, whose ablation does not prevent rhythmic bursting of motor activity 
although it can reduce locomotor speed 
117
. 
Genetic identification of spinal interneurons have so far been classified into 11 
subdivisions based upon the progenitor domain, migratory pathways and neurotransmitter 
and transcriptional profiles and their relation to locomotor alternation has been studied 
115
. The final number of subpopulations derived from these classes within the mature 
spinal cord has yet to be determined. Difficulties in classification of the mature 
populations also arise as it is highly likely that their final location within the spinal cord 
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changes during development and some of the interneurons likely perform multiple 
functions 
119
.  
 Another genetically identified class of last order interneurons, the V2a 
interneurons, send excitatory connections to motor neurons from lamina VII and are 
involved in left-right rhythmic coordination
117
. The last order, cholinergic V0 
interneurons do not receive primary afferent input and are rhythmically active during 
locomotion. Additionally, their ablation limits motor neuron output in some locomotor 
tasks implicating them in motor task specific modulation 
115,117
. 
This review has demonstrated a number of spinal interneuron populations 
involved in sensory-motor integration, their relative location within the spinal cord as 
well as their firing dynamics during rhythmic movement. While we are unable to 
discriminate the identification of the cells within this study, those described here 
including Renshaw, Ia excitatory and inhibitory, Ib and GABAergic interneurons as well 
as those derived from dI1-dI6 and V0-V3 populations are likely to be constituent to the 
neural populations involved in the neural control of locomotion and the focus of this 
study. 
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1.3.2 Characterization of Locomotion  
 
Initiation of Locomotion: tracts and neuromodulators  
 
Supraspinal Initiation of Locomotion and Cerebellar Balance  
 
As stated previously, this particular study involves only the isolated spinal neural 
circuits responsible for maintenance of stepping. However, it is important to understand 
the anatomy and function of supraspinal motor pathways to gain a complete 
understanding of the control of locomotion. While it is known that the isolated spinal 
cord is capable of maintaining rhythmic alternation of the limbs 
120
, initiation of the step 
cycle and other voluntary movements require supraspinal input. The mesencephalic 
locomotor region and the lateral hypothalamus are thought to be the centers for 
locomotor initiation in the brain and project to reticulospinal neurons in the rostral pons 
of the hindbrain whose axons descend through the medial reticular formation to the 
ventrolateral funiculus 
121-123
. The medullary reticular formation is thought to be the 
source of reticulospinal neurons that are vital to stepping initiation. 
In addition to supraspinal initiation of locomotion, other areas of the brain such as 
the motor cortex, the cerebellum and the visual cortex have been shown to be highly 
significant in fine tuning locomotor behavior via visual guidance and postural 
adjustments. Anterograde and retrograde tracers from the MLR show afferent projections 
to the region from the basal ganglia, the sensorimotor cortex and the limbic system 
123
. 
Additionally, the cerebellum has been shown to provide great influence over many 
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descending motor pathways. These cerebellar projections terminate in excitatory 
influence over descending motor pathways including the medial reticulospinal tract, the 
lateral vestibulospinal tract, the rubrospinal tract and the corticospinal tract 
123
.   
Specifically, the medial reticulospinal tract’s origin lies in the upper pontine 
reticular formation while the lateral vestibulospinal tract originates in the lateral 
vestibular nuclei of the medulla and pons. Both tracts project to interneurons and 
propriospinal neurons of the intermediate zone and lamina VIII of the spinal cord, as well 
as directly innervate the motor neurons responsible for postural support. The rubrospinal 
tract originates in the magnocellular region of the red nucleus in the midbrain and project 
through the medulla and the lateral column of the spinal cord. The rubrospinal tract plays 
an important role in fine control of distal limb function in cats and monkeys. Finally, 
voluntary movement is controlled via the corticospinal pathway that coordinates inputs 
from layer V of the primary motor cortex and projects through the cerebral peduncle of 
the midbrain to the medullary pyramid and decussates through the pyramidal decussation 
(or infrequently at the level of spinal termination) to the final synapse upon interneurons 
and motor neurons of the spinal ventral horn.  
 
Motor System Neurotransmitters  
 
In addition to tracking neural pathways for locomotor initiation, studies of vital 
neurochemicals from supraspinal sources have provided additional information on the 
neural control of movement.  Excitatory amino acids such as glutamate (NMDA), 
noradrenaline (NA), dopamine (DA) and serotonin (5-HT) have been implicated as 
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control systems for locomotion initiating descending pathways. Experiments involving 
NMDA receptor antagonists have abolished MLR stimulated locomotion and NMDA 
receptor agonists have been shown to elicit rhythmic activity of ventral roots in neonatal 
rodents and adult cats 
124
.  
Additionally, activation of NA and DA receptors have been shown to initiate 
fictive rhythmic ventral root activity 
125
 and treadmill stepping in the adult spinal cat 
126-
128
. Noradrenaline has been ascertained as a critically important excitatory amino acid 
involved in spinal locomotion initiation in the adult cat 
126
 whose administration resulted 
in increased cycle duration via both extension and flexion phases. Additionally, 
administration of the α2-noradrenergic agonist, clonidine, has been shown to improve 
locomotion following injury by decreasing group I disynaptic inhibition as well as 
reversing group Ib inhibition. In concurrence with locomotor training, improved 
locomotion has been attributed to clonidine administration believed to increase group I 
excitation to extensor motor neurons, allowing for increased stability and weight bearing 
capabilities 
129
. 
In neonatal rats, serotonin baths have been shown to reliably induce locomotion. 
While the effects in the adult cat are not as robust, it was shown to increase the duration 
and amplitude of flexor and extensor EMGs 
126
. Moreover, serotonin containing neurons 
in the parapyramidal region of the medulla have been shown to be the origin of 
descending serotonergic pathways vital for locomotor initiation in the rat. Even more 
interesting is the discovery that while high doses of 5-HT7 receptor antagonists in rostral 
segments to L3 abolish locomotion, low doses of the 5-HT7 receptor antagonists in the 
same region increase the step cycle duration and alter the rhythm of the alternation, 
32 
 
indicating that serotonergic neurons in the rat spinal cord may play a role in the rhythm 
generating capabilities of the spinal networks 
125
.  
The neurotransmitters glutamate, glycine and GABA have been shown to be 
involved in locomotor systems. Glutamate, an excitatory neurotransmitter, is thought to 
provide excitation to rhythmic motor systems 
130
. Glycine, an inhibitory neurotransmitter, 
is thought to mediate alternation coordination 
131,132
 and the levels of all three 
neurotransmitters have been shown to be altered following locomotor training in adult, 
spinalized cats 
133-135
. 
Neuromodulators have been shown to play an important role in locomotor 
behavior and initiation. Once initiated, locomotion follows a stereotyped pattern, 
explained below.  
 
EMG Patterns of Gait 
 
Four Phases of Locomotor Step Cycle 
 
Historically, the analysis of locomotion and gait involved measuring the 
stereotypic sequences of muscle contractions and joint angles as determined by 
electromyograms (EMGs) and kinematic markers 
136-138
. This particular study relates 
these stereotypic locomotor movements to the neural systems driving them and utilizes 
the gait classification system described below. 
Overground locomotion consists of four distinct phases of the step cycle that 
require the use of flexor, extensor and bifunctional muscles. The swing phase of 
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locomotion includes the flexion (F) and first extension (E1) phases of the step cycle while 
the stance phase of locomotion occurs as the hindlimb supports the body via ground 
contact. These phases are labeled as the second (E2) and third (E3) extension phases of 
the step cycle  
139,140
. During stance, extensor muscles at the hip, knee and ankle are 
active as knee and ankle joints flex in order to accept body weight support which is 
followed by the third extension phase where all extensors are active to push the body 
forward 
138,141
. The flexion phase of swing involves active flexor muscles at the hip, knee 
and ankle joints and progresses into active extension of the knee and ankle as the 
hindlimb swings forward. 
This study utilizes spinal air-stepping. Air stepping is classified by rhythmic 
alternation between hindlimbs, where the subject has no body weight support by its 
hindlimbs and therefore exerts no ground reaction force seen during the second extension 
phase (E2) of overground locomotion. Despite the difference, the frequency of air 
stepping is comparable to treadmill walking between 1-2 m/s and both stepping types 
exhibit regular interlimb coordination 
142
. Additionally, as the stance period of treadmill 
and overground locomotion is strongly correlated to the cycle period and therefore 
adaptable, the flexor phase is not. This phenomenon is consistent in air-stepping. 
However, the period of extension is about 10% less in air-stepping than in treadmill 
walking, which could be attributed to the quick delay of contractile tension due to ground 
force reactions present during treadmill stance
142
.  
Locomotion itself involves rhythmic alternation of both ipsilateral flexion and 
extension as well as left/right alternation. In addition to the classification system of gait 
phases, it is important to understand the complexities that arise during a rhythmic, 
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stereotyped motion. The subsequent sections explain the intricacies of certain anatomical 
and neural refinements such as bifunctional muscles and muscle synergies that the body 
utilizes to increase efficacy of movement.   
 
Bifunctional Muscles 
 
Bifunctional or biarticular muscles increase the efficiency of locomotor systems 
by performing opposite functions across multiple joints and can obtain significantly 
greater magnitude of phase changes than uniarticular muscles 
143,144
.  While these 
muscles are grossly classified by their action (flexion vs extension) upon hindlimb joints, 
muscles of similar classification do not all provide the same exact function and include 
more complex interactions during different phases of the step cycle. For example, 
uniarticular soleus muscle and biarticular gastrocnemius muscle both function as ankle 
extensors that provide vertical support during stance. Their actions promoting forward 
progression of the trunk and legs during mid-stance however, include opposite effects to 
promote stability. The gastrocnemius also contributes to swing initiation in human 
walking 
141,145
. In this sense, it is important to remember that while gross muscle 
classifications simplify the explanation of locomotor systems, each muscle contributes 
slightly differently to the step cycle.  
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Muscle Synergies 
 
In addition to increasing movement efficiency via multifunctional muscles, it has 
been shown that the central nervous system also utilizes groups of muscles 
simultaneously across multiple joints in what are described as muscle synergies 
40,146-150
. 
Adaptations in recruitment of muscle synergies from treadmill locomotion to directional 
ramp and hold behaviors account for anticipatory and responsive gait modifications and 
indicate that muscle synergies can be variably recruited to control multiple motor 
behaviors 
151
. Developmentally, muscle synergies employed during locomotion in the 
form of locomotor primitives are retained through development, starting at the neonatal 
stage and augmented with additional motor patterns in toddlers and adults
152
. Variations 
in specific behavioral primitives between adult gymnasts indicate that three highly 
consistent muscle synergies accounted for 90% of the variance of the EMG patterns. This 
finding shows that while there are slight variations between subject synergies, gross 
neuromuscular strategies are highly consistent even in complex motor behaviors 
153
. 
Additionally, in studies of human muscle activation during locomotion, five muscle 
synergies have been shown to explain 90% of the variation across 25 trunk and hindlimb 
muscles, whose activation phase systematically shifts proportionally during stepping to 
increases in locomotor speed 
154
. The result of these two studies indicates that even across 
subjects, the body is capable of optimizing efficiency in controlling a high number of 
muscles using a small number (3-5) of groups. 
Central control of muscle synergies and motor primitives have been shown 
through motor cortex stimulation to be supraspinally driven, yet also facilitated through 
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interneuronal pathways at the spinal level 
40,155
.  This facilitation at the individual spinal 
neural level, however, does not directly reflect the continuously variable, complex signals 
from the motor cortex and red nucleus 
156-158
. That being said, there is evidence that 
muscle synergies are additionally encoded at the spinal level in basic rhythmic and 
reaching tasks 
40,159,160
 and that these synergies are also modulated via afferent control 
161,162
. These experimental observations of the spinal control of muscle synergies play an 
important role in some models of the spinal control of locomotion and will be discussed 
in subsequent sections.  
In addition to understanding complexities of muscle function and synergies during 
locomotion, the role of sensory feedback from the hindlimbs is another important aspect 
of locomotor adaptation. 
 
Proprioceptive Feedback Roles in Gait Adaptation (Obstacle avoidance, 
backward, sideways and incline walking) 
 
 
As demonstrated by the central nervous system’s vast integration of sensory input 
via dorsal root primary afferents, proprioceptive and cutaneous inputs to locomotor 
networks play a significant role in the regulation of the step cycle. The following section 
describes experimental evidence of the impact of the primary afferents from muscle 
spindles upon the locomotor cycle. The impact of sensory feedback on gait is broadly 
summarized here in 4 groups; the maintenance of balance during stance, the initiation of 
swing, the adaptation of stance duration during forward walking and the spinal and 
supraspinal control of backward walking. 
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The following examples demonstrate the body’s ability to use load receptors to 
activate antigravity muscles in order to maintain balance during gait 
163
. Proprioceptive 
adaptation of limb support following loading of an ankle extensor decreases rhythmic 
contractions and prevents the swing phase in a premamillary adult feline during treadmill 
walking 
164
. Furthermore, stimulation of an ankle extensor nerve at group I afferents 
consistently reset the locomotor rhythm to maintain extensor duration and cycle period or 
to initiate extension. Group Ib afferents have also been shown to impact locomotion at 
leg extension 
164,165
 and can inhibit flexor activation 
166
. Additionally, stimulation of the 
sartorious nerve (hip flexor/knee extensor) at group II strength produced a similar 
shortening of flexion phase during stimulation at flexion and prolonged extension at late 
extension stimulation 
167. These examples describe the specific muscle spindle afferents’ 
impact upon the locomotor cycle in maintenance of stance, while the following example 
describes the afferent impact upon swing initiation.  
The transition from stance to swing is facilitated by the stretch of flexor muscles 
such as the EDL, IP and TA in the cat. This flexor stretch inhibits the spinal centers 
responsible for extensor generation and thereby initiate swing 
168
. Alternatively, 
proprioceptive feedback of hip extension is a frequently used method for swing initiation 
of the step cycle 
169
 and has been translated to work in human infants with remarkably 
similar effects 
170
.   
Another stark example of the importance of proprioceptive feedback upon the 
step cycle is the ability of the spinal cord to maintain changing speeds of a moving 
treadmill belt; Increasing the speed of a treadmill results in a shortening of the stance 
phase and maintenance of the swing phase. This adaptation of the stance phase duration 
38 
 
and initiation of flexors and swing phase following hip extension provide strong evidence 
that proprioceptive feedback from golgi tendon organs and muscle spindle fibers of group 
I afferents are highly involved in locomotor adaptation
171,172
.  
While the majority of studies involving the neural control of movement focus 
upon forward motion walking, studies of backward, incline and sideways walking and 
obstacle avoidance also provide clues as to the origin of movement control; i.e. whether 
certain aspects of locomotor control are spinally or supraspinally driven. A study 
comparing the movement dynamics of forward and backward walking displays evidence 
that while the reciprocal flexor and extensor synergistic muscles are utilized in both tasks, 
the muscle burst latencies and durations as well as their relative amplitudes differ. The 
study suggests that the pattern generating control of both tasks is produced at the spinal 
level; however certain postural adjustments and the timing and recruitment levels 
necessary for stable backward walking require supraspinal input 
173,174
. Furthermore, TA 
and gastrocnemius muscles in humans can reverse their function between backward and 
forward walking, however antigravity muscles maintain their function in both directions 
which implies that supraspinal drive is necessary for gait adaptation and propulsion 
175
. 
Additionally, forebrain regions have been found to be responsible for stepping 
adaptations to changing environments such as long term increases in knee flexion and 
step height during swing. This finding concludes that stepping adaptations to 
environmental changes do not persist following decerebration in the locomoting cat and 
are therefore not controlled at the spinal level 
176
.  
Knowledge of locomotion and gait adaptation in response to proprioceptive 
feedback provide specific information about the function of the spinal cord and motor 
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systems as well as supraspinal systems vital to locomotor adaptation and initiation. The 
subsequent section provides descriptions of the impact of spinal cord injury whereby 
those supraspinal influences have been removed. Additionally, the next section will also 
cover current avenues of research aimed at studying the effects of and recovery following 
spinal cord injury.  
 
1.3.3 Spinal Cord Injury 
 
Physiology of Spinal Cord Injury 
 
In addition to promoting the basic science initiative, studies of the spinal cord aim 
to address clinically relevant applications toward the treatment, prevention and 
management of spinal cord injury. The effects of a spinal cord injury vary greatly 
depending upon the segmental level of the lesion as well as the extent of the damage 
across the transverse aspect of the cord and the white matter spinal tracts affected. 
Frequent effects of spinal cord injury include spasticity, or hyperactive spinal reflexes, 
muscle activation changes such as weakness and movement disorganization as well as 
postural problems involving weight bearing, balance and propulsion 
177
.   
To date, humans are incapable of regaining unassisted stepping ability following a 
complete spinal cord injury. Animals, however, are thought to rely less upon supraspinal 
input and can better regain some rhythmic movement capabilities. The immediate (1-2 
months) effects of spinal transection in the adult cat show a reduction in step length and 
duration during both swing and stance and a marked increase in the amplitude of flexor 
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muscles. Additionally, flexion onset variability was demonstrated as a consistent paw 
drag at swing onset, while additional locomotor criteria remained consistent 
178
. The 
following sections describe specific avenues of spinal injury research including 
locomotor training, pharmacological treatments and functional electrical stimulation and 
combinatorial approaches involving multiple simultaneous therapies. 
 
Spinal Cord Injury Treatment Methods 
 
Locomotor Training 
 
While inadequate to promote the recovery of full locomotor capabilities in 
humans, locomotor training has been shown to produce dramatic results in spinal animals 
and demonstrates the highly plastic condition of the spinal locomotor networks. 
Following spinal transection in adult cats, stepping capability fully returned with training 
within 1-24 weeks following the injury. Without training none of the animals were 
capable of hindlimb support or fore-hindlimb coordination 
179
.  
Locomotor training in both experimental and clinical trials has proven to be a 
very effective rehabilitation strategy in spinal cord injury and stroke patients. 
Experimentally, locomotor training has resulted in gradually diminishing the need for 
balance support and partial weight support following spinal cord injury in the cat, almost 
to the pre-transection standard 
177,180
. Additionally, following five months of post 
transection treadmill training, low thoracic spinalized cats could sustain full weight 
bearing stepping without the need for tail stimulation to initiate locomotion. Compared to 
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normal cats, however, these animals could only sustain lower treadmill speeds and 
produced longer swing phases during stepping 
181
.  Clinically, treadmill training with 
body weight support has shown to improve balance and gait and allow for increased 
walking speed in humans 
182
.  
 
Pharmacological Treatments 
 
As discussed previously, certain neurotransmitters have been shown to be highly 
significant in locomotor initiation and rhythm generation. In accordance with these 
findings, researchers have attempted to utilize these neurotransmitters pharmacologically. 
Following promising results from animal studies, clinical trials were conducted using 
noradrenergic agonists as spinal injury therapy for increased movement control. Three of 
ten spinal injured patients exhibited increases in overground walking speeds and 
decreased excitability of reflexes and spasticity following an intrathecal bolus injection of 
clonidine, an α-2 noradrenergic agonist. These results support recent studies 
demonstrating increased recovery of locomotion speed and step cycle duration along with 
decreased spinal spasticity following noradrenergic drugs and locomotor training in cats 
182,183
. 
Additionally, administration of serotonergic agonists upon chronically injured 
cats resulted in increased flexor and extensor muscle amplitude and decreased excitability 
of spinal reflexes. In spinal cord injured patients, serotonergic agonists allowed the 
removal of a body weight supportive harness during locomotor training exercises 
177
. 
Also, upon administration of cyproheptadine, a serotonergic antagonist, spinal cord 
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injured patients exhibited a decrease in ankle clonus and spasms 
184
. When delivered 
caudal to the complete transection in the adult rat, chronic stimulation of 5HT2 receptors 
have been shown to improve motor function recovery as compared to spinal rats without 
treatment 
185
.  
Finally, it should be noted that combinations of excitatory amino acid agonists 
and training involving proprioceptive and exteroceptive feedback have proven more 
successful in initiating locomotion than each method individually 
186
. Many studies have 
focused on combinatorial approaches to spinal cord injury therapy and the following 
studies describe promising results due to the use to epidural stimulation with motor 
training 
187
.  
 
Epidural and Functional Electrical Stimulation 
 
Epidural Stimulation of the dorsal lumbar surface of the spinal cord has produced 
promising results in both human and animal therapies 
14,188,189
. Stimulation of the rat cord 
at L2 or S1 facilitated treadmill stepping in upright rats within 7 weeks following injury 
11,190
. In conjunction with serotonergic agonists, epidural stimulation at both sites allowed 
for locomotor recovery within one week of injury 
11
 and improved postural limb reflexes 
following complete spinal cord injury in rabbits 
191
. Additionally, combination treatment 
of serotonin agonists, multisite epidural stimulation and locomotor training greatly 
improved locomotor output to almost pre-transection levels in rats 
11
.  
In a landmark human case study of a T1 contused paraplegic man, epidural spinal 
cord stimulation delivered to the L1 and S1 spinal segments in conjunction with 26 
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months of intensive physical therapy and training resulted in the patient’s ability to 
voluntarily stand with no weight bearing assistance and regain some bladder and sexual 
function. Additionally, while the stimulator was activated, he was capable of taking a few 
assisted steps and recovered some supraspinal control over leg motion 
15
. 
Similar to effects from dorsal root stimulation, intraspinal microstimulation and 
human leg vibration, epidural stimulation is thought to work by engaging afferent 
feedback from long range motor and sensory systems 
8,11,192,193
 in a fashion that mimics 
supraspinal drive 
191
. Additionally, studies on chronic spinal cord injured patients fitted 
with functional electrical stimulators activating the common peroneal nerve have shown 
slight increases in gait speed and a significant increase in overground gait speed with 
training 
182,187,194,195
.  
 
Spinal Plasticity 
 
Another amazing aspect of the adaptability of the central nervous system is 
demonstrated following spinal cord and peripheral nerve injury. Following training, 
animals are able to modulate specific reflexes demonstrating spinal plasticity and the 
capability of spinal motor control 
182
. Furthermore, chronically spinalized cats have 
demonstrated the ability to compensate for deficits following agonist nerve lesions during 
locomotion in a matter of weeks following peripheral nerve injury 
182
. A similar study 
involving denervation of ankle flexor muscles in adult cats resulted in locomotor 
compensation with only slight increases in knee and hip flexion and amplitude, however 
following low thoracic spinal transection, these cats we not able to maintain symmetrical 
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locomotion because the denervated limb was unable to produce plantar foot contact. 
These results indicate that the locomotor adaptation following denervation came from 
supraspinal levels and were unable to regulate at the spinal level up to a month post 
transection 
196
.  
Propriospinal systems, however, are capable of mediating locomotor recovery 
even when descending motor commands are ablated 
15,197
. Also, spinal plasticity 
following an injury is noticeable in the changes between task specific training. Animals 
trained to stand were able to bear full weight support for five times longer than untrained 
spinal cats, but were unable to locomote 
198,199
. 
While these many avenues of research attempt to treat spinal cord injury, it is vital 
to understand the inherent capabilities within the spinal cellular circuits. Methods such as 
spinal stimulation are currently focusing on optimizing their parameters based upon gross 
anatomical landmarks and require a greater understanding of the organization of the 
neuronal control of such functions as standing, locomotion and other behaviors. The 
following sections will describe the current knowledge of intrinsic spinal circuits such as 
reflexes and central pattern generators as well as theories and models on how these 
circuits function. 
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1.3.4 Spinal Control of Locomotion 
 
Spinal Reflexes 
 
The spinal cord is intrinsically capable of motor control and can rapidly regulate 
movement in response to sensory stimuli via spinal reflexes. At the turn of the 20
th
 
century, Charles Sherrington proposed that spinal reflexes exhibit stereotyped movements 
and control complex movements when combined, thereby forming the basis of motor 
control. These processes are evolutionarily vital in instances where the body must 
respond to harmful stimuli immediately without spending time to send transmission to 
and from the brain.  
The flexor withdrawal reflex is an example of such spinal reflexes. Upon 
sensation of a painful stimulus, a polysynaptic reflex pathway activates ipsilateral flexor 
muscles at all joints and inhibits activation of ipsilateral, antagonist extensor muscles in 
an attempt to pull the effected limb away from the harmful stimulus 
200
. Sherrington 
termed this process reciprocal innervation
201
. A cooperative reflex to the flexor 
withdrawal, the crossed extension reflex, functions to allow maintenance of upright body 
posture by activating contralateral extensors to compensate for the shift in body weight 
away from the painful stimulus 
202
.  
Heterogenic reflexes interconnect muscles of the same and distant joints in order 
to mutually excite synergist muscles and inhibit antagonists
203
. Perhaps the simplest form 
of heterogenic reflex is the stretch reflex, with the knee jerk reflex being the best known 
example. When a muscle stretch is sensed by the muscle spindle, the Ia afferent fibers 
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make monosynaptic excitatory connections upon α motor neurons of the same muscle 
and agonist muscles, causing the stretched muscle and its synergists to contract. 
Additionally, the Ia afferents make synaptic connections with Ia inhibitory interneurons 
whose function inhibits antagonist muscle groups, causing them to relax.  
Further studies regarding primary afferents and reflex circuitry have demonstrated 
specific involvement of each primary afferent group, individually. Inhibitory interneurons 
mediating reflex pathways from groups Ia and Ib afferents have been found in spinal 
laminae V-VI following intraspinal stimulation of caudal lumbar motor pools and the 
lateral funiculus of L4 
204
. A large percentage of interneurons receiving both excitatory 
and inhibitory input from group Ia and group Ib afferents were activated in reflex 
pathways from both ankle and toe extensors 
205
. Horseradish peroxidase studies showed 
axonal projections from these interneurons to motor nuclei, intermediate zone neurons 
locally and to different rostrocaudal segments and finally to the contralateral spinal cord, 
illustrating the breadth of connectivity involved in reflex circuitry.  
Group II afferents have been shown to be involved in reflex pathways following 
the monosynaptic depression of ipsilateral dorsal horn, lamina VIII commissural 
interneurons and disynaptic depression of contralateral motor neurons, implicating them 
in bilateral reflex responses 
206
. While most reflexes, including bilateral reflexes, are 
thought to be stereotypical, reflex circuitry has also been shown to be adaptable. 
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Spinal Reflex Plasticity 
 
It is important to note that spinal reflexes are both adaptable and can be 
overridden via supraspinal control 
207
. In a study involving supraspinal initiation of 
locomotion, pathways of both group Ib and group II muscle afferents were shown to 
mediate contralateral reflex pathways via selective inhibition or excitation between 
reticulospinal neurons and motor neurons, implicating them in reflex pathways involving 
bilateral coordination 
208
.  
In further examples of spinal plasticity and changes in spinal reflexes, studies 
have shown that the receptive fields of spinal reflexes to certain natural stimuli are altered 
over time following an injury 
200
. For example, intracellular recordings of hindlimb motor 
neurons following contralateral group II afferent activation showed an excitatory effect 
upon extensor motor neurons and inhibitory effect upon flexor motor neurons after a 
spinal cord injury while actions of their afferents had previously elicited strictly 
inhibitory post synaptic potentials in both flexor and extensor populations 
209
. Not only 
does this result demonstrate the influence of supraspinal control upon reflexes, but also 
supports the idea that mid lumbar neural populations are involved in alternation pathways 
between ipsilateral and contralateral flexors and extensors 
209,210
, a concept that will be 
discussed in subsequent sections.   
The disynaptic Ia reciprocal reflex pathway has also been found to be modulated 
during walking between ankle extensors and flexors, indicating that reflexes can be 
modulated by behavior 
211
. Also, spinal stretch reflexes and the experimental analog to 
the knee jerk reflex, the H-reflex, have been shown to be susceptible to operant 
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conditioning, suggesting that intrinsic spinal alteration may involve a memory component 
to spinal neurons up to 5-10 days 
212
; however supraspinal and cerebellar input are 
essential for long term plastic changes of the H-reflex in rats 
213
. Additionally, humans 
have demonstrated spinal plasticity following adaptation of ankle extensor recruitment 
after two bouts of antagonist action via a robotic exoskeleton upon the soleus muscle 
214
. 
While Charles Sherrington originally hypothesized that spinal reflex chains were 
sufficient to produce all manners of rhythmic behavior, efforts of T Graham Brown and 
others proved that additional intrinsic spinal networks are capable of generating rhythmic 
output without sensory feedback. 
 
Central Pattern Generator 
 
Investigators have focused on understanding and classifying the neuronal 
dynamics and activation patterns of the control centers for rhythmic hindlimb actions 
such as locomotion 26,100,215,216. Although not explicitly named, the central pattern 
generator (CPG) was first alluded to in the works of T Graham Brown in 191119. 
Following studies on proprioceptive afferents and locomotion in the low spinal cat, he 
concluded that local spinal centers in the lumbar region are sufficient to produce gait like 
patterns of muscle activity in the deafferented, spinalized cat 19 and subsequent results 
confirmed that reflex effects and peripheral afferents were not necessary for locomotion 
20. These rhythmic spinal networks have been demonstrated across species from lamprey 
to frogs, rodents, cats, monkeys 217 and humans 15. 
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While central pattern generators are likely genetically predetermined, evidence 
from partial spinal cord lesions on adult cats indicate that the locomotor central pattern 
generator can undergo plastic changes in response to treadmill training 218. Further 
evidence of behavioral rhythmic control 42,52,219-221 indicate that these pattern generating 
circuits are intrinsically predetermined and likely redundant in organization 222,223. 
Experimental evidence of central pattern generators has caused many researchers 
to attempt to characterize their function using simplified models. The following section 
describes the first, most basic model formulated in the early 1900s as well as the 
subsequent models that build upon each other to formulate a likely framework for the 
functionality of central pattern generators. 
 
Models of the Spinal Control of Locomotion 
 
Half Center Hypothesis 
 
Spinal researchers established that the control of flexor/extensor alternation in 
stepping is maintained by interneurons, not motor neurons 19,224. Graham Brown 
hypothesized that these interneuronal populations were organized as two mutually 
inhibitory “half-centers” modulating ipsilateral agonist/antagonist groups of flexor and 
extensor muscles driving locomotion 21,224.  
Experimental support for this hypothesis states that extensor activity during 
walking in the spinal cat is “centrally programmed” for alternating rhythmic activation of 
α and γ motor neurons for flexor and extensor populations 138. Additionally, left-right 
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hemisegmental rhythmic activity has been shown to be elicited in L4 and L5 in the 
neonatal mouse, indicating that each central pattern generator can exist independently 
within half of the spinal cord 225. Furthermore, progressively caudal spinal cord 
hemisectioning resulted in increased bursting frequency of each half, indicating that 
swimming in the lamprey is a result of reciprocally inhibited unilateral rhythm generating 
networks that also play a role in speed regulation 226.  
 
Unit Burst Generator 
 
A supplement of the half center model, the unit burst generator, expands upon the 
architecture of the central pattern generator and hypothesizes that the CPG networks are 
made up of modules or unit burst generators that are coupled between segments and 
individually control flexor or extensor muscles around one joint 
20,22,227
. 
Experimental support for this model is presented following overground and 
treadmill locomotor patterns of intact cats where the flexor duration to stride cycle 
duration ratio differs for different joints, calling for separate pattern generators at separate 
joints 
228
. The unit burst generator is also experimentally supported 
229
 via spinal 
bidirectional propagation of locomotor patterns, distributed across the lumbar cord. This 
bidirectional propagation of patterns attributes phase alternation to excitatory and 
inhibitory connections between burst generators 
40,150
. However, the unit burst generator 
theory still does not compensate for other complex actions of motor pool activation, 
which can be described by the two-level CPG model.  
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Two Level CPG 
 
A two-level model of the central pattern generator has been introduced by 
numerous studies 
24-26
 and modeled by McCrea and Rybak, 2008 
22
. This two level 
architecture works to explain such gaps in the half center hypothesis as bifunctional 
muscle activation patterns and non-resetting deletions, whereby motor neuron activity 
disappears, but flexor and extensor timing is maintained upon reappearance of the rhythm 
230
. The first level is composed of two excitatory rhythm generating subunits that set the 
phasic information for extensor and flexor premotor populations through mutual 
inhibition between interneurons. The second level consists of pattern formation subunits 
that are driven by the rhythm generating networks of the first level and that shape the 
output of the rhythm generation network. These pattern formation populations are 
responsible for direct drive to flexor and extensor motor neuron populations. This model 
is unique in that it incorporates afferent input and includes two levels of reciprocal 
inhibition.  
Experimental evidence supporting the biological separation of these rhythm 
generation and pattern formation levels is seen in fictive locomotion of the decerebrate 
cat 
24
. Their findings support the model in that interneurons of the rhythm generating 
level produce the necessary spatiotemporal rhythm through last order interneurons to 
drive the motor neuron population and that these interneurons participate in postsynaptic 
locomotor drive potentials and reflex circuits. They hypothesize that the rhythm 
generating level is distinct from the pattern formation level through evidence that a digit 
flexor (FDL) can change its firing time from flexion to extension depending upon the 
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afferent background during fictive locomotion. This finding supports distinctive circuits 
that are driven by an overall rhythm. Further evidence that the amplitude of locomotor 
output can occur separately from increases in speed 
25
 imply that rhythm generating 
circuitry dictate changes in rhythm frequency according to afferent input and that pattern 
formation levels dictate the amplitude of motor outputs.  
Further developments to the 2 level central pattern generator model describe the 
possibility that the rhythm generating center’s relation to flexion and extension rhythms 
does not exist in a fully symmetric reciprocal interaction.  Referenced in 1976, 
observations by Pearson and Duysens indicate that spinal systems of flexor related drive 
are phasically active and the extensor related drive is tonically active 
79
. These findings 
are based upon the slow contraction of extensor muscle firing and the corresponding 
activity of flexor motor neurons in the cat.  Further evidence of a rhythmic flexor and 
tonic extensor rhythm generating level of the central pattern generator is seen through 
evidence of non-resetting deletions during fictive locomotion in the neonatal mouse 
lumbar cord 
23
. These experiments showed a strict asymmetry in antagonist motor output 
where absence of flexor motor neuron activity was associated with tonic extensor motor 
neuron activity. Alternatively, an absence of extensor motor neuron activity was 
associated with no change in the rhythmic activation of flexor motor neurons.  
Additionally, these deletions in both flexor and extensor motor neuron activity are termed 
non-resetting because the same rhythm prior to the deletion was continued following the 
deletion. This phenomenon led scientists to hypothesize that the flexor rhythm generating 
population is phasically active and the extensor rhythm generating population is tonically 
active.  
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While models of the central pattern generator aim to explain the building blocks 
of locomotor generation, the underlying dynamics expressed by over 50 muscles per 
hindlimb are much more complex and include a great number of degrees of freedom 
227
. 
It is for this reason that systematic studies are performed to localize anatomically vital 
areas of spinal lumbar rhythm generating centers.  
 
Localization of Spinal Locomotor Networks 
 
Ventral root and single unit recordings have provided most of the information 
about interneuronal activation during hindlimb rhythmic behavior. Studies have isolated 
the rostrocaudal segments that contain phasic interneurons 28,51-53,98,205,220,231 as well as the 
dorsoventral laminar segments necessary for rhythmic output in animal models 45,49. The 
emerging consensus states that rhythmic oscillations are generated by lumbar 
intermediate and ventral horn interneurons that fire in phase with flexor or extensor 
activity as well as groups that fire during both phases of locomotion 232,233.  
Existing studies make inferences about the localization of spinal locomotor 
networks based upon synchronous ventral root (i.e. motor neuron) bursts in response to 
pharmacologic initiation of locomotion following lesions of the spinal cord. These lesion 
studies indicate that the ventral third of the cord contains most pathways mediating 
left/right rhythm generation and the entire lumbar region contains pathways mediating 
extension and flexion 
42,94
. 
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In studies of the neonatal rat and mouse spinal cords, the most rostral lumbar 
segments are thought to contain spinal locomotor networks with the greatest 
rhythmogenic capacity, while further caudal segments contain less rhythmogenic 
potential 
42,51,52,220,225,234
. Additional rostrocaudal locomotor network distribution theories 
hypothesize that flexor related rhythm generation exists caudally to extensor related 
activation in the lumbar cord 
42,229
. Alternatively, studies of embryonic and neonatal 
mouse spinal development indicate that networks with rhythmogenic potential are 
distributed throughout all segmental levels of the mouse lumbar spinal cord 
235
. 
Systematic studies by Jankowska and others 
44,107,119,204-206,209,210,224,232,236-259
 have 
determined the function and location of many locomotor related spinal interneurons 
based upon their supraspinal and muscle afferent input as well as their target output such 
as contralateral and ipsilateral motor and premotor populations. For example, one group 
of midlumbar spinal interneurons that receive significant group II muscle afferents have 
been shown to project to hindlimb motor neurons and may be constituents of hindlimb 
stepping networks 
44,49
.  Commissural interneurons have also been extensively studied 
and contain populations mediating left-right rhythmic alternation 
260
 mainly, but not 
exclusively located in lamina VIII (for a review see 
243
). Excitatory interneurons that 
were activated by group I afferents of extensor nerves in the fictive locomoting cat were 
found to be located in L7 and the majority were rhythmically active during extension. 
These populations were thought to provide excitation to extensor motor neurons as part 
of the locomotor networks 
245
.  
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Localization of Interneurons Tuned to Muscle Activation: 
 
The gross localization of locomotor spinal networks has determined that vital 
cellular populations exist bilaterally in the intermediate and ventral horn from L2-S1. 
While references have been made to delineated premotor populations controlling flexion 
and extension during locomotion there have been no definitive results. The following 
section describes results from two different hypotheses. One hypothesis states that there 
are homogenous and spatially distinct populations of premotor interneurons that are tuned 
to opposing phases of the step cycle. The alternative hypothesis states that the locomotor 
network contains a heterogeneous intermixing of cells tuned to opposing phases of the 
step cycle. 
Previous results from our lab indicate that the majority of ispilaterally recorded 
neurons of lamina VI and dorsal lamina VII fire during the transition from swing to 
stance and that this firing characteristic persists for interneurons across all segments of 
the lumbar enlargement in the adult cat 
29
. Calcium imaging in the lumbar cord of the 
neonatal rat provides similar evidence that there is no functional grouping of locomotor 
related interneurons at the intermediate zone 
31
. Kwan et al 2010 showed through calcium 
imaging of the neonatal mouse ventral horn that there was no indication of rostrocaudal 
spatial clustering of interneurons with similar phase modulation during fictive locomotion 
and that the majority of interneurons in the upper lumbar segment are active in the early 
flexion phase of fictive locomotion 
58
. Finally, vastly distributed networks of premotor 
cells are found via optical stimulation to synapse onto gastrocnemius motor pools in the 
mouse cord 
59
. 
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Despite results refuting rostrocaudal populations of tuned interneurons, Kwan et 
al 2010 did provide evidence that the mean phase of activity of dorsal lamina VII 
interneurons significantly lagged the mean phase of ventromedial interneurons of lamina 
VIII (separated by 40% of the step cycle). Additionally, the firing characteristics of two 
genetically identified classes of interneurons (Hb9 and Chx-10) displayed properties 
distinct from each other as well as from the ensemble population they were recorded from 
58
. Results from the postnatal mouse indicate that premotor populations of trans-synaptic 
rabies virus traced cells regulating antagonistic hindlimb motor pools are in spatially 
segregated groups with flexor populations located ventrolaterally from extensor premotor 
populations 
27
. Additional findings in lamina VIII of the neonatal rat provide evidence 
that ipsilateral flexor related commissural interneurons (CINs) are located in a more 
ventral area than contralateral flexor related CINs 
43
. 
In addition to the studies of the distribution of flexion and extension tuned 
premotor locomotor interneurons, there is also a great interest in the gross rostrocaudal 
activation patterns of interneuronal networks during rhythmic behavior.  
 
Organization of Population Level Locomotor Circuits  
 
In general terms, synchrony refers to cells that do not fire independently of each 
other 
261
 and is believed to indicate reciprocal interactions between spatially distributed 
groups 
262,263
. Few studies have been performed to understand the role of synchronous 
firing in the locomotor spinal networks 
58
. This study will better characterize networks 
driving locomotion by utilizing electrode arrays to directly record from the interneuron 
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populations encoding for locomotion in an air-stepping, in-vivo preparation. The 
theoretical network organizational schemes to investigate include the traveling wave, the 
longitudinal standing wave and the modular organization. 
 
Theory 1: Traveling wave 
 
This hypothesis states that the cord is organized in modules of interneurons that 
are linearly active and rostrocaudally distributed according to the motor pools to which 
they project throughout the lumbosacral cord 
32,36,264-267
.This rostrocaudal distribution 
behaves as a ‘traveling wave’ of neural activation and thought to control rhythmic 
behavior. In the lamprey, the locomotor networks driving swimming are modeled as a 
single chain of coupled, nonlinear oscillators with an intersegmental phase delay of 1% of 
the swimming cycle per spinal segment in a rostrocaudal progression 
266,267
. In a recent 
study of fictive scratching in the decerebrate, paralyzed cat, scratch triggered averaging 
of cord dorsum potentials indicates a rostrocaudal progression of activation from L4 to 
S1 
32,33
. Additionally, a study of two-photon calcium imaging in the neonatal mouse 
showed that the activity of ventral spinal interneurons was coherent and in phase with the 
ipsilateral motor output during fictive locomotion 
58
.  
Additional support for the traveling wave is interneuronal activation comes from 
the behavior of the systems they are driving; ie the motor pools. The rhythmic activity of 
motor neuron activation displays a rostrocaudal progression along the lumbosacral cord. 
This progression of activation has been observed in forward swimming in the lamprey 
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and newt 
268,269
 and is reversed for backward swimming. It was also observed in the fetal 
mouse among L1-L3 and S1-S4 segments 
270,271
. Additional experimental evidence 
comes from epidural stimulation of spinal injured rats where stimulation at L2 facilitates 
flexion while stimulation at S1 facilitates extension, consistent with the motor pool 
gradient of flexor and extensor muscles along the rat lumbosacral enlargement 
11
. These 
traveling waves of motor neuron activation progression are hypothesized to be driven by 
premotor populations progressing in the same manner down the lumbar spinal cord.  
 
Theory 2: Longitudinal Standing Wave 
 
The longitudinal standing wave is characterized by synchronous activation of 
locomotor related interneurons throughout the entire lumbar spinal cord. This standing 
wave does not present in a progression of rostrocaudal activation, but rather as a coherent 
network of interneurons distributed throughout the lumbar enlargement. AuYong et al 
(2011) provided evidence supporting a longitudinally distributed network within the 
intermediate zone of the spinal air-stepping cat in which single unit and multiunit activity 
of interneurons from L3 to L7 were concurrently activated and highly temporally 
correlated to the ipsilateral swing to stance transition period during air-stepping 
29,30
.  
Recently, spontaneous activity of cord dorsum potentials in the anesthetized cat 
from lamina III-IV has demonstrated synchronous activity, bilaterally distributed 
throughout the extent of the lumbosacral cord in both the intact and the acutely spinalized 
cat 
37
. Another study indicated that the activation of many intermediate zone neurons was 
preceded by a synchronous, slow negative cord dorsum potential that presumably came 
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from dorsal horn neural populations 
272
. While these longitudinal standing activations of 
cord dorsum potentials
272,273
 were spontaneous and not elicited during locomotion, they 
are hypothesized to represent tightly coupled networks of spinal interneurons involved 
with the modulation of information transmission from sensory systems to motor systems.  
 
Theory 3: Modular Organization and Synfire Chain 
 
An additional theory combines the locomotor theory of unit burst generator to a 
physical, structural organization. This theory states that the spinal cord reduces 
complexity of the control of movement through the use of motor primitives 
150,274
. Motor 
primitives are thought to be the basic building blocks of motion that can be combined to 
encode multiple behaviors. Premotor drive of such behaviors is thought to be organized 
into modules and unit bursts as previously discussed 
40,160
. Experimentally, evidence of 
motor primitives controlling muscle synergies is calculated through analysis of 
intramuscular EMG activity across behaviors.  
This modular organization of premotor networks, however, is hypothetical and 
does not necessarily refer to the spatial organization of the premotor networks and the 
progression of activation between modules to control a behavior such as locomotion. One 
theory estimates that the interneuronal locomotor drive follows activation of motor pools 
during locomotion. This activation has been shown in some studies to progress in a 
rostrocaudal manner that is not a linear temporal progression, but instead alternates 
between rostral and caudal segments 
102,275,276
. A similar theory follows the dynamics of 
multiple synfire chains 
277
 in which premotor modules are connected across multiple 
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segments that do not fire in a linear spatiotemporal fashion due to chains of inhibitory 
neurons that increase in activity through synchronization. Based upon the propriospinal 
neurons that span multiple spinal segments and experimental results [Hart, unpub], it is 
possible that rhythmic locomotor activation patterns do not occur in a rostrocaudal 
progression or simultaneous activation as the previous two theories suggest. 
 
  1.3.5 Analytical Framework: Functional and Spatial Organization of Spinal 
Locomotor Networks 
 
While the theories of structural and functional layout of locomotor driving spinal 
networks are discussed above, they are met with inconsistent experimental evidence 
across species, developmental stages and the rhythmic behavior studied. Questions still 
remain about the specific network drive including which neural populations drive 
particular phases of the locomotor step cycle, where they are located along the ventral 
horn of the lumbar enlargement and how they interact to control for rhythmic alternation 
of the hindlimbs.  
For this reason, this study involves a systematic approach by addressing these 
questions on multiple neural processing levels from single cell to multiunit data. 
Multiunit data represents the activity within a 140-300um radius from each recording 
electrode site 
78
 across multiple recording sites and supplements single cell action 
potential data by including the activity of both spiking and nonspiking cells 
278
. 
Additionally, each aim will address the long questioned relationship between the 
theoretical models of the neural control of locomotion to the spatial organization along 
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the lumbar cord.  Combined, these results address the relative quantities of spinals cells 
driving particular phases of the step cycle, their location and distribution along the 
lumbar enlargement as well as ensemble dynamics during air-stepping in the adult, spinal 
cat.  
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Chapter 2: Single Cell and Ensemble Activity of Lumbar Intermediate and Ventral 
Horn Interneurons in the Spinal Air-Stepping Cat 
 
2.1 Abstract  
 
Interneurons of the lumbar spinal cord inherently maintain and modulate stepping. 
Our study related in-vivo interneuronal network activity and rhythmic movement in the 
adult spinal cat during air-stepping. By simultaneously measuring the activity of large 
numbers of spinal interneurons, we explored ensembles of coherently firing interneurons 
and their relation to motor output. Additionally, the interneuronal networks were 
analyzed in relation to their spatial distribution along the lumbar enlargement for 
evidence of localized groups driving particular phases of the locomotor step cycle.  
We simultaneously recorded hindlimb EMG activity during stepping and spinal 
extracellular signals from 128 channels across two polytrodes. These electrode arrays 
were inserted into separate spinal segments within lamina V-VII of the lumbar cord. 
Single units were analyzed via circular statistics for their preferred phase of firing to 
quantify the neural relation to specific phases of the locomotor step cycle.   
Our results show that both flexion and extension phases are represented within the 
single unit activity. Furthermore, results across all subjects indicate that spinal 
interneurons participate in one of two ensembles which are highly correlated to flexor or 
extensor muscle bursts during stepping while the remaining ensemble is highly correlated 
to the muscle group active during the opposite phase of stepping. Finally, we show that 
there is no correlation between the interneuron’s rostrocaudal location within the lumbar 
enlargement and its preferred phase of firing or ensemble participation. These findings 
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indicate that spinal interneurons of lamina V-VII are active during both phases of the 
locomotor cycle and are spread throughout the lumbar enlargement in the adult spinal 
cord. These results are consistent with the behavior of the pattern formation level 
constituents of the 2-level central pattern generator model and could be participants in the 
neural control of locomotion. 
Interestingly, less than half of the single neurons were statistically significant for 
unimodal tuning during the step cycle while >97% of the ensembles containing the same 
neural population were significantly correlated muscle activity. These results display the 
importance of population scale analysis in neural studies of behavior as there is a much 
greater correlation between ensemble firing to muscle output than individual neurons 
alone.  
 
2.2 Introduction 
 
2.2.1 Rhythmic Activity of Spinal Interneurons during Behavior  
 
Spinal interneurons are constituents of the locomotor circuitry and are 
intrinsically capable of maintaining and modulating rhythmic, patterned behavior. Studies 
in both rodents and cats have isolated lumbar segments 2 to sacral segment 1 as those 
containing phasically active interneurons mediating flexion-extension alternation as well 
as left-right alternation of the hindlimbs 19,42,43,45,49,51-54,94,98,159,220,231,232,279. Additionally, 
lumbar laminae VI, VII, VIII and X of the intermediate and ventral horns have been 
64 
 
deemed necessary for rhythmic output during both phases of bilateral locomotion 
42,49,63,109,160,232,233. 
 
2.2.2 Spatial Organization of Flexor vs Extensor Tuned Neurons 
 
There are currently two main hypotheses regarding the spatial organization of 
spinal interneuron populations driving alternating phases of stepping within the lumbar 
cord. One hypothesis states that these populations are spatially segregated within the 
spinal cord. Studies supporting this hypothesis demonstrate that flexor related rhythm 
generation exists caudally to extensor related activation of the ventral roots 42,229. 
Evidence of further segregation is reported in results from postnatal mice which indicate 
that premotor interneuron populations regulating antagonistic, hindlimb motor pools are 
in spatially segregated groups with flexor populations located ventrolaterally from 
extensor premotor populations 27. Additional findings in lamina VIII of the neonatal rat 
provide evidence that ipsilateral, flexor related commissural interneurons (CINs) are 
located in a more ventral area than contralateral, flexor related CINs 28. Finally, the firing 
characteristics of two genetically identified classes of interneurons (Hb9 and Chx-10) 
displayed properties distinct from each other as well as from their ensemble population 58. 
The second hypothesis states that the flexor and extensor related interneural 
populations are not spatially segregated and instead are intermixed and distributed 
throughout the lumbar enlargement. Studies of embryonic and neonatal mouse spinal 
development indicate that networks with rhythmogenic potential are distributed 
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throughout all segmental levels of the mouse lumbar spinal cord 
235
. Previous results from 
our lab indicate that the majority of ispilaterally recorded neurons of lamina VI and 
dorsal lamina VII fire during the transition from swing to stance and that this firing 
characteristic persists for interneurons across all segments of the lumbar enlargement in 
the adult cat 
29
. Calcium imaging in the lumbar cord of the neonatal rat provides further 
evidence that there is no functional grouping of locomotor related interneurons at the 
dorsoventral midline
31
. Kwan et al 2010 showed through calcium imaging of the neonatal 
mouse ventral horn that there was no indication of rostrocaudal spatial clustering of 
interneurons with similar phase modulation during fictive locomotion and that the 
majority of interneurons in the upper lumbar segment were active in the early flexion 
phase of fictive locomotion 
58
. Additionally, a vast rostrocaudal spread of first order 
spinal interneurons in the deep dorsal horn have been shown to synapse onto 
gastrocnemius motor pools in the mouse
59
, demonstrating the breadth of premotor 
interneuron distribution within the spinal cord. 
Our study aimed to address these conflicting hypotheses by quantifying the 
activation times and spatial distribution of spinal interneuronal populations in a fully 
transected, adult, air-stepping model.  
 
2.2.3 Population Scale Neural Analysis  
 
Beyond providing support for models of the spinal control of locomotion based on 
single cell activity, multiunit studies analyzing groups of simultaneously recorded single 
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neurons can provide a greater understanding of the locomotor spinal network functional 
and spatial structures. Interest in population scale neural analysis of behavioral coding 
has brought to light the necessity for large scale recordings due to the higher statistical 
relationship to behavior 280-284. Of particular interest has been the study of groups of 
single units exhibiting similar firing dynamics during behavior, termed neural ensembles 
77,285.Therefore, we studied population ensemble activity and its relation to locomotion. 
Our findings provide greater insight into the contribution of single cells and population 
scale activity to patterned, rhythmic behavior through evidence that ensembles participate 
in alternating phases of stepping and are distributed throughout the lumbar enlargement.  
 
2.3 Materials and Methods 
 
2.3.1 Animals and Experimental Procedures  
 
Five adult domestic short hair female cats (2.4-2.9 kg) were used in this study. All 
animal care and procedures were approved by the Institutional Animal Care and Use 
Committee of Drexel University and were performed according to National Institutes of 
Health guidelines. All animals followed the same experimental protocol. First, a T11/T12 
spinal transection was performed 22-23 days prior to the recording session. This three 
week delay was necessary for the potentiation of air-stepping that was induced by 
clonidine administration during the terminal procedure 
29,126,183,286
. Spinal transection and 
post-procedure care followed the laboratory standard procedures 
29,287
. No locomotor 
67 
 
training was provided to the animals at any point prior to the terminal experiment. On the 
day of the terminal recording experiment, three sets of surgical procedures were 
performed on the anesthetized animal 
288
: 1) A laminectomy exposed the lumbar cord, 2) 
bifilar EMG electrodes were implanted into seven muscles of each hindlimb (Table 1), 
and 3) a postmammilary decerebration preceded the discontinuation of anesthesia. 
 
2.3.2 Surgical Procedures prior to Recording Session 
 
Consistent with previously published methods in our lab 
29,30
, animals were 
initially injected with atropine (0.05 mg/kg IM) and anesthetized with isoflurane (1.5-
3.5% in oxygen) supplied through an endotracheal tube. Heart rate, blood pressure, end-
tidal CO2, tidal volume, arterial oxyhemoglobin saturation, respiration rate and 
temperature were monitored and recorded every 15 minutes. IV fluids were administered 
(20mL/hr) throughout the terminal procedure and dexamethasone (2 mg/kg, IV) was 
given prior to the laminectomy in order to reduce spinal swelling. A spinal laminectomy 
removed the exposed spinous processes from sacral segment one rostrally toward lumbar 
segment three and the surrounding bone. This method left the transverse processes of 
each segment intact and exposed the spinal cord from segments L2-L7.  
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2.3.3 Data Acquisition 
 
EMG Preparation 
   
Muscles of the upper and lower hindlimbs were exposed with two incisions. 
Seven muscles of each hindlimb (Table 1) were implanted with bifilar electrodes 
constructed with insulated multi-strand stainless steel wires (AS 633; Cooner Wire, 
Chatsworth, CA). The electrodes were implanted into the body of the muscle and secured 
onto the fascia with sutures. Proper electrode placement was verified by stimulation of 
the electrode and observation of the resulting muscle’s twitches. Incisions were closed 
with sutures. A stimulating cuff electrode was implanted around the sciatic nerve to 
identify motor neurons that backfired at a short latency in response to its electrical 
stimulation.   
Following the laminectomy and EMG electrode placement, the animals were 
transferred to a stereotaxic frame where the spinal vertebrae were securely clamped to the 
frame. The exterior trunk skin was used to form a mineral oil pool that prevented 
desiccation of the cord following opening of the dura. Roots were identified and used as 
anatomical landmarks of the lumbar segments. The pia was opened at planned recording 
sites in order to ease electrode insertion and prevent dimpling of the cord. A 
postmammilary decerebration was performed and anesthesia was discontinued; as it has 
been shown to disrupt the activity of the spinal central pattern generator 
288
.  
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Extracellular Recording Procedures 
  
At 1 hour post-decerebration, clonidine (500 µg/kg) was administered 
intravenously to prime air-stepping 
289
. Once air-stepping was controllably inducible 
through perineal stimulation, experimental recording sessions began.  All of the recording 
trials were conducted on the right side of the spinal cord. Two 64 site microelectrode 
arrays (model A8x8-5mm-200-200-177, Neuronexus, Ann Arbor, MI) were inserted at or 
near the dorsal root entry zone to an approximate depth of 3000µm in two lumbar 
segments. The planar 8 shaft arrays were inserted sagitally, i.e. in the rostrocaudal 
direction, so that the recording sites covered a range of 1450µm rostrocaudally and 
1450µm dorsoventrally (from ~1500-3000µm deep) for each array. In our first 
experiment, one electrode array was statically placed at L7 while the other array was 
successively placed in rostral segments: L3-L6. However, low neuronal yield at the L7 
site required adaptation of the protocol to static placement at L3 for the remaining 4 
experiments while the other array was successively placed in caudal segments: L4-L7.  
The recording trials obtained for each pair of spinal locations consisted of: 1) air-
stepping trials involving a 5 s resting state followed by 50 s of air stepping (containing 
40-60 step cycles) and a 5 s rest period, 2) control rest trials (no perineal stimulation) and 
3) sciatic nerve stimulation trials (current amplitude at 1.3 times motor threshold, 1-2 Hz, 
60 sec, biphasic pulses with 100µs duration for each phase) at rest. The rest and sciatic 
stimulation control trials as well as 4-6 air-stepping trials were executed at each set of 
unique recording location pairs.  
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Extracellular neural activity and muscle EMGs were recorded with a Tucker-
Davis Technologies RZ2 system including 128 channels for recording multiunit activity 
and 15 analog channels for 14 EMGs and 1 sciatic stimulus recordings. Extracellular 
voltages were conditioned through a PZ2-128 preamplifier (Tucker-Davis Technologies, 
Alachua, FL) and bandpass filtered (300-4000Hz for single and multiunit data) prior to 
being sampled at 24 kHz for offline analysis. EMG voltages were amplified and bandpass 
filtered (10-5,000 Hz 4
th
 order Butterworth, 10K gain, Differential Amplifier Model 
1700, A-M systems Inc., Carlsborg, Wa) prior to being sampled at 12 kHz. Reference and 
ground were tied to a bone screw in the skull.  
Following completion of the recording experiments, electrodes were dipped in 
DiO dye (Molecular Probes, Eugene OR) and reinserted into recording locations for 
verification of stereotaxic measurements. The animals were then euthanized with an 
overdose of Euthasol (0.4 mg/kg, IV). The lumbosacral spinal cord was fixed 
posthumously by soaking it in 4% buffered formalin solution for approximately 20 
minutes. The spinal cord from segments L2-S1 was then removed, fixed in a 4% buffered 
paraformaldehyde solution and refrigerated for at least 3 days. The cords were then 
blocked into segments, frozen and sectioned in the transverse plane. Observation of the 
DiO traced electrode placements verified the laminar location of the recordings Figure 1 
29
.  
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2.3.4 Data Processing  
 
Software 
 
All data processing and analysis for neuronal and EMG recordings were 
performed using MATLAB (The Mathworks, Natick, MA). 
 
EMG Processing 
 
EMG Onset and Offset Processing 
 
Raw EMG voltages were high-pass (4th order elliptical, 100 Hz cutoff frequency, 
zero phase) filtered, full-wave rectified, and low-pass (4th order elliptical filter, 15 Hz cut-
off frequency, zero phase) filtered to develop linear activity envelopes. EMG burst onsets 
and offsets were identified with an algorithm based on the generalized likelihood-ratio 
test 290. The onsets were used to determine the start and end of the step cycle as well as 
the flexor and extensor phases of gait. A step cycle was defined as right soleus (ankle 
extensor) onset to consecutive right soleus onset.  
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Stepping Quality Ratio Statistics 
 
Five criteria were used to test the quality of the stepping in terms of both left-right 
limb alternation and flexor-extensor alternation 29,30: 1) extensor duration ratio, 2) flexor 
duration ratio, 3) flexor phase ratio, 4) cycle duration ratio, and 5) left onset lag. The 
extensor duration ratio was calculated by dividing the right extensor burst duration by the 
left extensor burst duration and the flexor duration ratio was calculated by dividing the 
right flexor burst duration by the left flexor burst duration. These two ratios provided the 
relation of the burst durations of the left and right hindlimb extensors and flexor muscles; 
both values would be 1.0 if the muscle burst durations were the same for both hindlimbs. 
The flexor phase ratio was calculated by dividing the right flexor onset phase (relative to 
the right step cycle) by the left flexor onset phase (relative to the left step cycle). This 
ratio described the symmetry in flexion onset time between the two hindlimbs. The cycle 
duration ratio was calculated by dividing the right step cycle duration by the left step 
cycle duration. For a 1:1 ratio in step duration between the two hindlimbs, this ratio 
would be 1.0. The left onset lag was defined as the phase of onset of the left extensor 
within a right step cycle and for symmetrical left-right stepping, this ratio would be 0.5. 
Significance for each of the ratios was evaluated using the t-test with α = 0.05.  
Frequency of stepping was determined as the average number of flexor and 
extensor bursts per trial. Frequency of stepping was tested for consistency across air 
stepping trials using a t-test (α = 0.05).  
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Muscle Group Consistency Measured with Onset Offset Cluster Analysis 
 
 Cluster analysis 155 of onset and offset phases of all ipsilateral flexor and extensor 
muscles determined muscle groupings. First, the onset and offset burst times for each 
muscle were normalized to the phase of the step cycle based upon the right soleus burst 
onset. Each muscle’s onset and offset phases were clustered and outliers greater than 2 
standard deviations from the mean of each cluster were removed. For a muscle pair to be 
grouped, the custom cluster technique required that the distance between the means of 
each muscle’s onset-offset phase cluster be less than the sum of the standard deviations 
times a constant (cFrac). This process was iterated through each ipsilateral muscle pair 
(cFrac=1.25). We calculated the percentage of times that muscle pairs were clustered 
together. If significant groupings occurred in the majority of trials per experiment, the 
clustered muscles were considered equitable in their onset and offset times. 
 
Neural Signals 
  
The neural signals were processed as four subsets representing different aspects of 
the neural activity. First, we analyzed single neuron spike times during locomotion. We 
then focused on the spike times of the entire population of simultaneously recorded 
neurons during locomotion. Finally, we broke down the populations into ensembles to 
classify spinal neural networks and their relation to rhythmic motor output. Units were 
classified into ensembles based on two methods: a community detection ensemble and a 
74 
 
preferred phase of firing ensemble. The community detection ensemble is grouped based 
on Humphries’ community detection  algorithm 291 while the preferred phase of firing 
ensemble is determined based upon the cell’s preferred phase of firing. 
 
Single Unit Isolation 
 
Single neuron spike sorting was performed using UltraMegaSort2000 software 
292
. To be considered for analysis, single units had to meet the following criteria: 1) 
greater than 5 spikes per step for at least 5 consecutive steps 2) greater than 200 spikes in 
a trial 3) contain less than 1.5% refractory period violations for a refractory period of 1.5 
ms 4) signal-to-noise ratio greater than 1.5 
293
 5) may not respond to sciatic stimulation. 
Spike-triggered averaging methods were used to test for evidence of motor neuron 
antidromic backfiring in response to sciatic stimulation. If the averaged signal from that 
channel following sciatic nerve stimulation displayed a peak in activity above baseline 
between 1.4-3.4 ms of the antidromic stimulus, it was flagged as the potential site 
containing a motor neuron and was removed from further analysis 
294
. 
Due to our experimental protocol, it was highly probable that a single neuron was 
recorded from the same location over multiple trials. We thus tracked distinct neurons 
across trials using a Variational Bayesian Gaussian Mixture Model (VBGMM) method. 
The first three principal components of each action potential’s waveform shape were 
calculated for every unit recorded at the same electrode site. A VBGMM was fit to the 
matrix of the first three principal components to form an unbiased threshold for distinct 
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neurons recorded across multiple trials 
295,296
 (for further details see Appendix I ).  Unlike 
k-means clustering, this method did not require an a-priori solution to the number of 
clusters. It only required a value for the maximum number of clusters that could have 
been present (in our case, the number of trials recorded at the same location). Neuron 
membership of a unit was assigned to the group where the majority of that unit’s 
waveforms clustered.  
 
Single Unit Firing Characteristics 
 
Single units were classified according to their firing behavior during air stepping 
as tonically, unimodal phasically or bimodal phasically firing units. Tonically firing 
neurons displayed constant firing throughout a step with very little variation within and 
across the step. Phasically firing neurons displayed higher statistical probability of firing 
at a particular phase of the step cycle; one phase for unimodal phasic and two phases for 
bimodal phasic firing.  
Neuron spike times were tested for tonic firing in 8 seconds of air-stepping by 
analysis of the interspike interval histogram’s (ISI) coefficient of variation squared 297. A 
gamma distribution was fit to the ISI 
298,299
 with variables α and β estimated via 
maximum likelihood estimation (MATLAB function, gammafit). If the ISI histogram 
came from a gamma distribution (2-sample Kolmogorov-Smirnov, goodness of fit test, α 
=0.05), the coefficient of variation squared value was taken as the 95% confidence 
interval of the gamma distribution. The coefficient of variation squared value is a good 
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representation of the variation of spike times of a neural signal; the greater the coefficient 
of variation, the greater the variance in spike times over a trial and the likelihood that the 
unit’s firing is phasic. The lower the coefficient of variation, the less variation in firing 
times throughout the trial and the more constant the firing. In order to be considered 
tonically firing, a neuron’s coefficient of variation squared had to be less than 0.5. This 
threshold was chosen because the coefficient of variation squared is roughly equivalent to 
the inverse of the gamma distribution order, and the gamma order greater than 2 best fits 
regular neural spiking 
297
.  
In order to determine if a neuron’s activity was significantly modulated to 
stepping, its spike times were analyzed with circular statistics 
29,30,300
. A histogram of 
spike times was created from the relative phase (from 0 to 2π) of spike timing during 
each step; 0 being the extensor onset time and 2π the onset of the next extensor cycle. 
The normalized spike times were plotted in a raster plot over all significant steps for 
greater than 5 consecutive steps of a trial and summed over 72 equally spaced bins 
throughout the locomotor cycle 
301
. Additionally, 1000 surrogate spike trains maintaining 
the same ISI histogram distribution were created for each neuron studied. Neurons were 
included for tuning analysis if their modulation histogram contained bins whose 
amplitude was larger than 3 standard deviations above the mean of the surrogate spike 
trains. Due to the cyclic nature of stepping, the resulting normalized histogram was 
analyzed for the magnitude (r), direction (phi) and angular deviation (s) of the mean 
resultant of activity 
302
.  A neuron with a magnitude of 1 indicates firing at the same 
phase for every step, while a magnitude of 0 indicates no modulation of activity. The 
Rayleigh test was used to test the significance of unimodal modulation (α =0.05) 303,304. If 
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a neuron was classified as significant for unimodal tuning, the direction of the resultant 
was considered its preferred phase of firing (from 0-2π radians).  
To classify a neuron as bimodally tuned, a generalized vonMises distribution that 
was developed for circular bimodal distributions was estimated for each normalized 
histogram of neural firing 
305,306
. Further details can be found in Appendix II; briefly, a 
nonparametric test for goodness of fit determined if the generalized vonMises model fit 
the data (Watson U
2
 test, α =0.05) and an omnibus test for circular uniformity determined 
whether the null hypothesis could be rejected for uniform distribution throughout the step 
(Hodges-Ajne test, α =0.05). The bimodal distribution’s two preferred phases were 
determined as the peak phases of the model. 
  
Neural Firing to EMG Correlations and Statistics 
 
In order to assess the degree to which the spinal cord lumbar interneurons were 
active during walking, a number of analytical techniques were employed. First, 
correlations between hindlimb muscle EMGs and each of the processed neural signals 
(single unit, population, community detected ensemble and preferred phase of firing 
ensemble) were calculated.  For each of the four neural data subsets, the spike times were 
binned (0.5ms width) and convolved with a 100ms Gaussian window in order to create a 
continuous spike waveform.  
The best quality flexor and extensor EMGs were used to represent the flexion and 
extension phases of air-stepping, respectively. Each EMG was high pass filtered at 35Hz 
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(2
nd
 order, zero phase Butterworth), full wave rectified and low pass filtered at 1000Hz 
(2
nd
 order, zero phase Butterworth) prior to correlation to the continuous spike waveform.  
For each trial, we calculated the Spearman correlation coefficient (exact 
permutation distributions, α =0.01) between each neural processing subset and each of 
four hindlimb muscles; the ipsilateral and contralateral flexor and extensor muscles. The 
correlation results were analyzed for differences in median between left and right side 
stepping for each of the four neural processing subsets using the nonparametric Kruskal 
Wallis test (α =0.01).  Additionally, the correlation results were also analyzed for 
difference in medians between ipsilateral flexor and extensor activation using the 
nonparametric Kruskal Wallis test (α =0.01). 
 
Community Detection Ensemble Methods 
 
Community Detection Ensemble Determination and Adaptive Clustering 
   
The community detection algorithm, detailed in Humphries 2011 
291
, was used to 
define ensemble group membership of simultaneously firing single units during air-
stepping. Each air stepping trial was broken down into 4 second data windows with a 
sliding overlap of 2 seconds. For each 4 second window, every spike train was convolved 
with a Gaussian distribution to provide a continuous spike density waveform. Humphries’ 
algorithm uses a modularity index as a measure of intragroup similarity of neural firing. 
In order to maximize the modularity index used to define ensemble participation, a 
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selection of 10 evenly spaced Gaussian widths was chosen to iterate through in order to 
choose the smoothing width that maximizes the modularity index. 
A similarity matrix of pairwise comparisons between spike densities was used in 
the clustering technique and provided a modularity index for every Gaussian width. 
Additionally, a control modularity index was calculated from the average of 1000 control 
datasets of shuffled ISI spike times, maintaining the same mean and variance of firing 
rates while eliminating neural correlations 
307
. The Gaussian width that maximized the 
modularity index beyond the control modularity index was used in ensemble grouping. 
Finally, the grouping matrix found to maximize the modularity index provided both the 
number of groups based upon iterative k-means clustering as well as group membership 
of each neuron to an ensemble (Figure 2).  
In some instances, neurons within 4 second windows were not consistently 
assigned the same group membership across all windows of an air-stepping trial. In order 
to account for this, a similarity matrix of binary group membership per neuron was 
analyzed by minimizing the hamming distance between the binary rows of all groups and 
windows of a trial. The result provided a final determination of group size and 
membership to all neurons of a trial to an ensemble.  
 
Community Detection Ensemble Correlation to Motor Output 
 
We examined each ensemble’s relation to motor output by correlating the spike 
density waveform (the Gaussian smoothed spike times of all neurons within an ensemble) 
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to an ipsilateral flexor and extensor envelope. EMGs were high pass filtered at 35Hz (2
nd
 
order, zero phase Butterworth), full wave rectified and low pass filtered at 1000Hz (2
nd
 
order, zero phase Butterworth). Overall, our results grouped into 2 ensembles per trial.  
Therefore, comparison between ensemble firing and EMG activation resulted in four 
quantities describing the correlation between each ensemble and the muscle for each trial; 
ensemble 1 to flexor correlation, ensemble 1 to extensor correlation, ensemble 2 to 
extensor correlation and ensemble 2 to flexor correlation. These four correlation results 
per trial were tested for mean differences across subjects and locations using a one way 
analysis of variance test and a Tukey multiple comparisons test including a Bonferroni 
correction for multiple comparisons (α = 0.0125).    
              
Community Detection Ensemble Relationship to Single Unit Firing Classification 
 
 We compared the preferred phase of firing of significantly tuned individual 
neurons to their community detected ensemble participation for potential relationship 
between the more biologically relevant preferred phase of firing and the purely 
mathematical clustering. This was performed using the Watson Williams test (a circular 
analog to the 2 sample t-test, α = 0.05) between the preferred firing phases per ensemble. 
The coefficient of variation squared was also compared between single units participating 
in different ensembles (2 sample t-test, α =0.05). This test was performed to see if a 
similarity in firing variance was a possible indication of community detected ensemble 
group membership. 
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 Ensemble Grouping Based upon the Preferred Phase of Firing of Single Units 
  
Neurons whose unimodal, preferred phase of firing was significant within a trial 
were assigned to one of two ensembles based upon the preferred phase of firing. The 
correlation to muscle activity was then analyzed as with the community based ensemble 
clustering method to determine if neurons unrelated to locomotion may encode additional 
information about muscle activity. The first ensemble’s neurons had preferred phases in 
the first half of the step cycle (0-π radians), while the second ensemble contained neurons 
whose preferred phase of firing was in the last half of the step cycle (π-2π radians). 
Analytical methods comparing each of 4 measurements; ensemble 1 to flexor correlation, 
ensemble 1 to extensor correlation, ensemble 2 to extensor correlation and ensemble 2 to 
flexor correlation were the same as those used to analyze the community detection 
ensembles correlation to EMGs. 
 
Neural Activity Modality to EMG Correlation Comparison 
 
Correlations between muscle activity and the different neural processing data 
types were compared using the Kruskal-Wallis nonparametric test as well as the Tukey 
test for multiple comparisons including the Bonferroni correction (α = 0.005). This test 
was employed in order to detect any differences in the neural data types and locomotor 
output.  
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Statistics between Neural Location and its Firing Dynamics 
  
A number of tests were employed to evaluate the relationship between a neuron’s 
location and its firing characteristics: 1) A Mardia linear-circular correlation was 
performed between the individual neuron’s circular preferred phase of firing and its 
rostrocaudal location for significantly tuned neurons (α =0.05) 2) A Mardia linear-
circular correlation was performed between the individual neuron’s circular preferred 
phase of firing and its dorsoventral location (α = 0.05) 3) A linear correlation was 
calculated comparing the linear coefficient of variation squared (a measure of neural 
firing regularity) of each neuron to its rostrocaudal location (α = 0.05), 4) A linear 
correlation was calculated comparing the linear coefficient of variation squared  of each 
neuron to its dorsoventral location (α = 0.05) and 5) group membership of community 
detected ensemble participation was compared to the neuron’s rostrocaudal position using 
Fisher’s Exact test (α = 0.05) in order to detect spatial grouping between ensembles.  
 
2.4 Results 
 
2.4.1 Summary 
 
Data from five cats were collected over 141 air stepping trials, 34 rest trials and 
31 sciatic nerve stimulation trials. Two recording locations were collected in most trials, 
resulting in 265 recordings across two multielectrode arrays. On average, we collected 
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28±9 air stepping trials per subject (Subject 1: 44, Subject 2: 25, Subject 3: 23, Subject 4: 
22, Subject 5: 27). These trials had on average 7±1 unique penetrations/locations per 
subject (Subject 1: 9, Subject 2: 5, Subject 3: 7, Subject 4: 7, Subject 5: 6) forming 5±1 
unique recording rostral/caudal pairs (Subject 1: 6, Subject 2: 4, Subject 3: 5, Subject 4: 
5, Subject 5: 5). On average, we obtained 5±2 air stepping trials per unique recording pair 
(Subject 1: 7±3, Subject 2: 6±1, Subject 3: 5±1, Subject 4: 4±2, Subject 5: 6±1).  
All recordings were done on the right side of the spinal cord and took place 
between lumbar segments 3-7 (in total, L3 = 95, L4 = 47, L5 = 37, L6=44, L7=42). The 
majority (81%) of recordings took place at a dorsoventral depth of 1600-3000um from 
the dorsal surface of the spinal cord. A significant percentage (17%) took place within 
500um of that range (9% - 2700um, 2.5% - 2500um, 3200um and 3500um) and the final 
2% were recorded at a depth from 800-2000um from the dorsal surface of the spinal cord. 
Finally, 231/265 recordings were collected at the medial border of the dorsal root entry 
zone (DREZ). The remaining trials were obtained at more medial positions that were 
chosen to avoid blood vessels present on the dorsal surface of the spinal cord (4 at 200um 
medial to the DREZ, 5 at 300um, 7 at 400um, 10 at 600um, and 8 at 900um).  
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2.4.2 EMG Stepping Results 
 
Ratios 
  
The air-stepping trials included 6,781 steps across all experiments. Each trial had 
an average of 48±20 consecutive steps (Subject 1; 51 ±13, Subject 2; 40±16, Subject 3; 
67±23, Subject 4 43±22, Subject 5; 38±13). Hindlimb muscle bursts were analyzed for 
left-right and extensor-flexor symmetry during air stepping using the five ratios described 
above. The average extensor and flexor duration ratios per trial was not significantly 
different than 1.0 for any of the cats (t-test, p>0.01). The average cycle duration ratios per 
trial were not significantly different than 1.0 in any of the five experiments (t-test, 
p>0.01). The left onset lag ratio between hindlimbs was not significantly different from 
0.5 in one of the five experiments (t-test, p>0.01), however the remaining experiments 
were all within 10% of a step cycle from an exact 1:1 left to right limb ratio. The mean 
flexor phase ratio was not significantly different from 1.0 in two of five experiments (t-
test, p>0.01) and within 11-22% of equal phases in the remaining 3 experiments (Subject 
1: [1.07-1.16], Subject 2: [1.23-1.44], Subject 3:[1.23-1.6]). Overall these ratios indicate 
symmetry between extensor and flexor muscle burst durations and step cycle durations 
between the left and right side.  
85 
 
Muscle Groupings via Cluster Analysis 
  
The four right extensor activation times grouped together across all subjects and 
the two of the three right flexor muscles grouped together in all subjects (Figure 3). The 
right tibialis anterior showed the most deviation from the other flexor muscles’ burst 
times, beginning and terminating on average around 1 radian of the step cycle from the 
other flexor muscle onset and offset phases. This result was due to poor EMG electrode 
placement in 2/5 subjects and therefore, the TA was removed from consideration. 
Based on these results, the soleus (SL) activity was chosen to represent the 
extension phase of locomotion and the biceps femoris posterior activity was chosen to 
represent the flexion phase of locomotion in 3/5 animals. In the remaining two animals, 
the sartorius anterior (SA) was used as the flexor instead of the BP due to greater signal 
quality, although both the BP and SA had the same onset and offset times according to 
the EMG cluster analysis. Four EMG signals were processed per trial; the ipsilateral and 
contralateral representative flexor and extensor. 
On average, right side extension occurred from 0-π radians of the right step cycle 
and right side flexion occurred from 4-2π radians of the right step cycle. Mid cycle 
coactivation of extensor and flexor activity was not present in any experiment and a gap 
in muscle activation from 3.5-4 radians was frequently present (3/5 experiments). The 
frequency of stepping per trial ranged from 0.9-1.2 Hz and was not significantly different 
from 1Hz (t-test, p<0.05). 
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2.4.3 Single Unit Results 
 
Summary 
 
 We identified 3,291 single units in five cats. On average, each neuron was 
recorded over 2.7 trials, resulting in 1,207 distinct spinal interneurons recorded from the 
intermediate and ventral horn of lumbar segments 3-7. Figure 4 provides an overview of 
the number of single units isolated per lumbar segment and subject. The majority of 
single units were located in lumbar segments 3-6. There were greater than 18 
simultaneously collected single units, on average, per air-stepping trial across all subjects 
and upwards of 30, on average, in two subjects.  We captured an upper limit of 45 
concurrently active interneurons during a few air-stepping trials. Additionally, we 
isolated 64/5611 (1.1%) channels whose antidromic response to sciatic activation 
occurred within 1.4-3.4ms from the sciatic nerve stimulus pulse. These channels were 
considered as potentially containing signals from motor neurons and were removed from 
further analysis.  
 
Single Unit Tuning Results 
 
13.1% (146/1117) of neurons had a coefficient of variation squared less than 0.5 
and were classified as tonic firing neurons (Tables 2 and 3). 87% (1042/1207) of the 
neurons were analyzed for phasic firing during air stepping. There were 509 unimodally 
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tuned neurons and 42 bimodally tuned neurons. Therefore, 42% (509/1207) of the 
interneurons studied were phasically active during stepping. The mean preferred phase of 
firing of the combined unimodally tuned neurons was 6.1±1.5 radians (Rayleigh test of 
uniformity; p<0.01) (Figures 6 and 7).  
 
2.4.4 Spinal Interneuron Community Detection Ensembles  
 
Summary 
 
Community detection cluster analysis was performed on simultaneously recorded 
interneurons (423 interneurons in total) from 24 air-stepping trials (5±1 trials per subject 
and 27±9 neurons per trial) to obtain neural ensembles active during stepping. Almost all 
the trials (23 of 24) revealed two distinct neural ensembles (Figure 8), while the 
remaining trial clustered the neurons into three ensembles. 
 
Correlation between Community Detection Ensemble Spiking and Muscle 
Activation 
 
Each trial comparison between ensemble firing and EMG activation resulted in 
four quantities; ensemble 1 to flexor correlation, ensemble 1 to extensor correlation, 
ensemble 2 to extensor correlation and ensemble 2 to flexor correlation.  The results 
show that out of 95 ensemble-to-muscle correlations found across 24 trials, 92 of them 
were significant (p<0.05) indicating that 97% of ensembles correlate to EMG motor 
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output. The average absolute value of the significant correlations between an ensemble 
and a muscle was .19±.13. 
37/45 (82%) ensembles individually displayed a significantly positive correlation 
to one muscle group and a negative correlation to the opposing group. This result was 
further supported by a linear relationship between the ensemble firing to flexor 
correlation and the ensemble firing to extensor correlation (Figure 9). 14/21 (67%) of the 
trials where the two ensembles had significant correlation to both muscles displayed 
correlation values of opposite signs from each other for the correlations to flexor and 
extensor muscles, indicating that the majority of ensembles were correlated to opposing 
muscles during stepping.  
When analyzed per experiment (Figure 10), the means of the correlations between 
ensemble 1 to the flexor muscle and of ensemble 2 to the extensor muscle were shown to 
be significantly different from the means of the correlations between ensemble 1 to the 
extensor muscle and of ensemble 2 to the flexor muscle in 3/5 subjects. Subject 4 
displayed a significant difference between the mean of ensemble 2 to flexor correlation 
and the mean of ensemble 2 to extensor correlation, as well as a significant difference 
between the mean of ensemble 2 to extensor correlation and the mean of ensemble 1 to 
extensor correlation.  Subject 2 showed no significant difference between any ensemble 
to muscle correlation means. When analyzed for median differences across all subjects 
(Figure 11), there was a significant difference between the medians of significant 
ensemble correlation to its respective muscles as well as a significant difference between 
the medians of the two ensembles’ correlations to the same muscle (Kruskal-Wallis, 
F=41, df=92, p = 6.3e-017). 
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Correlation between Community Detected Ensemble Membership and Single 
Unit Firing Characteristics 
  
We compared the preferred phase of firing of units between each community 
detected ensemble to see if there was a correlation between ensemble membership and 
the preferred firing phase of its constituents. Only 11/24 trials had a large enough sample 
size of significantly tuned neurons per ensemble to be statistically relevant. Of the 11 
trials, all of them showed a significant difference between the mean preferred phase of 
firing of the units in each ensemble. When taken across all subjects, the difference was 
highly significant for p=0 (Figure 12).  
Additional comparisons were made between each ensemble’s participants’ 
coefficient of variation squared. This measured a difference in firing time variation 
between ensemble participants. Results per cat: subject 1 = 2/6 trials were significant, 
subject 2 = 0/4, subject 3 = 0/6, subject 4 = 0/4, subject 5 = 2/5.  
 
2.4.5 Preferred Phase of Firing Spinal Interneuron Ensembles 
 
Correlation between Individual Preferred Firing Phase Ensemble and Muscle 
Activation 
  
Each trial comparison between preferred phase ensemble firing and EMG 
activation resulted in four quantities describing the correlation between the ensemble and 
the muscle; ensemble 1 to flexor correlation, ensemble 1 to extensor correlation, 
ensemble 2 to extensor correlation and ensemble 2 to flexor correlation.  The results 
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show that out of 92 ensemble-to-muscle correlations found across 24 trials, 83 of them 
were significant (p<0.05) indicating that 88% of the preferred firing phase ensembles 
recorded participated in correlated behavior to EMG motor output. The average absolute 
value of the significant correlation value between an ensemble and a muscle was .24±.14. 
36/43 (84%) preferred phase ensembles individually displayed a significantly 
positive correlation to one muscle group and a negative correlation to the opposing group. 
This result was further supported by a linear relationship between the preferred phase 
ensemble firing and flexor correlation to the preferred phase ensemble firing to extensor 
correlation (Figure 13). 13/19 (68%) of the trials whose two ensembles showed 
significant correlation to both muscles, displayed opposite correlation values between 
muscles indicating that the majority of simultaneously recorded ensembles were 
correlated to opposing muscles during stepping.  
When analyzed per experiment (Figure 14), preferred phase ensemble 1 flexor 
correlations and preferred phase ensemble 2 extensor correlations’ means were shown to 
be significantly different from preferred phase ensemble 1 extensor correlations and 
preferred phase ensemble 2 flexor correlations in 3/5 subjects (subjects 1,3,5). Subject 2 
displayed a significant difference between preferred phase ensemble 2 extensor 
correlation mean and preferred phase ensemble 1 extensor correlation mean.  Subject 4 
showed a significant difference from preferred phase ensemble 2 extensor correlation 
than all 3 other comparisons. When analyzed for mean differences in preferred phase 
ensemble to EMG correlation values across all subjects (Figure 15), there was a 
significant difference between the ensemble correlation and each muscle as well as a 
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significant difference between the two ensembles’ correlations to the same muscle 
(Kruskal Wallis, F=55, df=82, p = 2.3e-019). 
 
2.4.6 Neural Modality Comparison 
 
Neural Correlation to Left Side EMG vs Neural Correlation to Right Side EMG 
 
Single Unit Correlation to Left Side EMG vs Single Unit Correlation to Right 
Side EMG 
  
Analysis of a single neuron’s spike train correlation to the primary flexor and 
extensor activity was performed for 24 air stepping trials; overall 423 units were 
examined for correlation between single unit and muscle activity. Four correlations were 
performed per single unit: correlation to 1) ipsilateral flexor, 2) ipsilateral extensor, 3) 
contralateral flexor and 4) contralateral extensor. By grouping the muscles of the same 
side (correlations 1&2,  correlations 3&4), we were able to compare the neural 
correlation to each hindlimb. There was a significant difference between the significant 
absolute correlation values between left and right side EMGs to the single units in 2/5 
subjects (Subjects 1 & 5; KW p<0.01) where the median correlation to right side EMGs 
was significantly greater than the median correlation to left side EMGs in both cases. 
Additionally, a remaining 2/3 subjects displayed a trend favoring a greater single unit to 
right side EMG correlation (Subjects 2 & 4).  
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Population Correlation to Left Side EMG vs Population Correlation to Right Side 
EMG 
 
 Significant correlation values between the population spike times and EMGs 
were found in 82/92 correlations (24 per EMG; ipsi and contra extensor and flexor). 
Unlike the left and right side EMG to single unit correlations, comparison between the 
population correlation to left versus right EMG did not show significant difference for 
any subject and displayed no trend toward a greater median correlation from one side to 
the other.   
 
Community Detection Ensemble Correlation to Left Side EMG vs Community 
Detection Ensemble Correlation to Right Side EMG 
  
One subject showed significantly greater correlation between community 
detection ensemble spiking and the right side EMGs (Subject 5). Two of the remaining 4 
subjects displayed a trend where the community detection ensemble correlation to the 
right side EMG was greater than the correlation to the left side EMG (Subjects 1& 4).  
 
Preferred Phase Ensemble Correlation to Left Side EMG vs Preferred Phase 
Ensemble Correlation to Right Side EMG 
  
The same subject in the community detection ensemble left-right comparison 
showed a significant difference in median between left and right side ensemble to EMG 
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correlations (Subject 5). This subject again preferred the right side correlation. However, 
there was no trend among the remaining subjects.    
 
Neural Correlation to Ipsilateral Flexor EMG vs Neural Correlation to 
Ipsilateral Extensor EMG 
 
We wanted to see if any neural modality per subject showed a preference to the 
ipsilateral flexor or extensor EMG by comparing the entire modality correlation to the 
right flexor and the entire modality correlation to the right extensor. For the population, 
community detection ensembles and the preferred firing phase ensembles, there was not a 
single significant different between flexor and extensor correlation. In the single unit to 
EMG correlation comparison between extensor and flexor EMG, a significant difference 
was detected in only one subject (Subject 4; p<0.005). In this subject, the median 
correlations were significantly greater for flexion than extension; however no trend was 
detected in the remaining 4 subjects. 
 
 Correlation of Neural Modality and EMG Comparison 
 
 When neural modalities (single unit, population, community detection ensemble 
and preferred firing phase ensemble) were compared for differences in median 
correlation to all four muscles combined per subject, 2/5 subjects displayed significantly 
greater correlations of the preferred firing phase and the community detection ensembles 
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to EMGs than the correlations between single unit or population to EMGs (Subject 3 & 
5). In subject 1, the preferred phase ensemble correlation to EMGs was significantly 
greater than the population and single unit correlations, but not that of the community 
detection ensemble; which was only significantly greater than the single unit’s correlation 
to EMGs. Subject 2 displayed a significantly greater median correlation of the preferred 
phase ensemble to the single unit, but no other significant difference was detected. In 
subject 4 the single unit’s median correlation to EMGs was significantly less than for the 
remaining 3 modalities, which did not show a significant difference among them. 
Overall, results among subjects were consistent in that, in general, both ensemble 
correlation medians were greater than the population and single unit correlation and that 
the single unit correlation medians were typically the lowest correlation of all modalities. 
This generality is found when comparing across subjects (Figure 16).  Both community 
detection ensemble and preferred phase of firing ensemble correlation medians were 
significantly greater than the population and single unit correlation medians. Neither of 
the ensemble correlation medians were significantly different from each other and the 
population and single unit correlations were also not significantly different from each 
other (Kruskal-Wallis, p=1e-044).  
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2.4.7 Anatomical Spatial Layout of Spinal Interneurons Based on Activity 
during Stepping 
 
Relation between Single Unit Rostrocaudal Location and Firing Dynamics 
  
There was no correlation between the preferred phase of firing of a single unit and 
its location along the rostrocaudal axis (measured as lumbar segment) (Mardia circular-
linear correlation. rho=0.09, p=0.15, n=1207 neurons). Per subject, there was significance 
in one subject (2) between the preferred phase of firing of single units and the lumbar 
segment; however no significance was detected in any other case (Table 4). Additionally, 
there was no correlation between the coefficient of variation squared per single unit to its 
rostrocaudal lumbar segment (Pearson correlation, rho=0.02, p=0.52, n=1207 neurons).  
 
Relation between Single Unit Dorsoventral Location and Firing Dynamics 
  
Again, subject 2 showed a significant correlation between the dorsoventral depth 
of its neurons and its preferred phase of firing, but no significance was detected in any 
other subject (Pearson correlation).  When the coefficient of variation squared was 
correlated to dorsoventral depth, there was a negligible correlation (rho = -0.08, p = 
0.0095, Figure 17, Pearson correlation). 
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Relation between Community Detection Ensemble Membership and 
Rostrocaudal Location 
  
When tested for a relationship between community detection ensemble 
membership and individual interneuron rostrocaudal location, there was no significance 
across any trial (Fisher’s Exact Test, p>0.1 for all trials). 
 
2.5 Discussion 
 
2.5.1 Summary  
 
This study has shown that a large proportion of the interneurons from L3-L7, 
roughly spanning lamina V-VII and midway between the central canal and the lateral 
aspect of the right side of the spinal cord are significantly tuned to the locomotor step 
cycle. Additionally, many of these cells are tuned to either flexion or extension, with both 
phases of the step cycle represented in the tuned population. This result is further 
supported by two ensembles of spinal interneurons that are correlated to opposing phases 
of the step cycle. Finally, there is no evidence of rostrocaudal or dorsoventral grouping of 
interneurons or based upon their activation during a particular phase of locomotion.  
 
 
 
97 
 
2.5.2 Neural Populations Tuned to Flexion and Extension Phases of Air-
Stepping 
 
 We have demonstrated that interneurons of the intermediate and ventral horn of 
the lumbar spinal cord are active during both phases of the step cycle. These findings are 
in agreement with previous studies of the intermediate and ventral horn of the lumbar 
cord in the neonatal rat 
28,31,301
, the neonatal mouse
58
,  and the adult cat 
29,61,233
 . First, we 
have shown that single neuron preferred tuning phases are distributed between 0-2 
radians and 4-6 radians, which translate to the first two-thirds of the extension phase and 
the flexion phase of stepping (Figures 6, 7). Furthermore, the quiescent period of single 
unit tuning from 2-4 radians corresponds to a silent period of muscle activation during the 
transition from stance to swing in air-stepping. One possible reason for the lack of tuning 
to the last third of the extensor burst could be the lack of force feedback from ground 
force reactions present in overground locomotion and absent in air-stepping 
142
.   
Additionally, while previous findings in our lab found that ipsilateral single unit 
tuning was distributed between the first and last third of the locomotor step cycle, 
consistent with our results, they found that very few ipsilaterally recorded neurons were 
correlated to the flexor phase of stepping. While our results showed two ensembles 
correlated to opposing phase of stepping (Figures 8, 11), the discrepancy could be due to 
the previous study’s smaller sample size of simultaneously recorded neurons and result 
from the very poor correlation between individual single units to EMGs as compared to 
the correlation of an ensemble to EMGs.  
The identification of two ensembles tuned to opposing locomotor phases is 
consistent with findings of genetically identified V1 interneurons bursting phase where 
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two groups of phasically bursting cells are 180° out of phase with each other in neonatal 
mouse fictive locomotion 
75
. We have demonstrated that, in total, there is no preference 
of neural firing to a single phase of stepping based on neural to flexor EMG and neural to 
extensor EMG correlation comparisons. This finding indicates that there is an even 
distribution of cells and networks of cells tuned to opposing phases of the step cycle.  
If the constituents of these neural ensembles could be shown to mutually inhibit 
one another 
19
, these neural ensembles would likely be participants in Graham Brown’s 
half center model. However, due to the significant correlation to opposing phases of the 
step cycle, we hypothesize that the neural ensembles of this study exhibit similar 
behavior to the theoretical participants of the central pattern generator pattern formation 
level. The components of the pattern formation level are thought to modulate alternation 
of flexor and extensor phases of locomotion by providing excitation to the respective 
motor neurons and are dictated by the phasic activation of the rhythm generating level of 
the central pattern generator.  
 
2.5.3 Network Functional Classifications 
  
While we know that the area of the spinal cord from which we are studying 
contains commissural interneurons with roles in left-right alternation 
241
, the greater 
correlation between neural activity and ipsilateral muscle activity to contralateral muscle 
activity suggests that our interneurons are involved in ipsilateral sensorimotor activity. 
Additionally, the regression line of ensemble correlation to EMGs (Figures 9 and 13) to 
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the right of unity shows that our ensembles’ positive correlations are greater than their 
negative correlations. This result could indicate that the neural ensembles provide 
excitatory drive to flexor and extensor motor neurons, which also fits with the behavior 
of the pattern formation level of the 2 level CPG model 
22,23
. This statement is not to be 
confused, however, with the prevalence of inhibitory circuitry involved in premotor 
flexor and extensor alternation 
91,308,309
 and serves only to indicate each pattern formation 
level’s drive to its respective motor population. 
 
2.5.4 Spatial Distributions of Stepping Related Neurons 
 
The overall lack of spatial segregation between neurons tuned to opposing phases 
of the step cycle (Table 4) provides evidence that there are no gross rostrocaudal or 
dorsoventral groupings of neurons within the lumbar enlargement of the mature spinal 
cord. These findings are based upon neural firing characteristics including the preferred 
phase of firing, ensemble membership as well as the units’ coefficient of variation 
squared. These results support a number of studies in the mouse and rat 
31,60
 and could 
indicate that if there is a spatial grouping of locomotor related spinal interneurons, the 
identification of cell type and not the firing characteristics of the cells may be the source 
of a delineation 
75,76
. Finally, the discrepancy between spatially segregated populations 
tuned to opposing locomotor phases and a heterogeneous intermixing of the populations 
could be due to the age of the model studied as the neural populations are known to 
migrate during development 
115
.  
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2.5.5 Biological Relevance of Mathematical Spike Time Clustering Algorithm 
 
The community detection method of neural ensemble determination is based upon 
maximizing the intra-group similarity metric of similar spike times. This mathematical 
clustering technique allows for adaptable group numbers and requires no a-priori 
knowledge of the neural system being studied. The vast majority of our results indicate 
that this mathematical clustering technique detected two ensembles without any input 
parameters regarding the biological behavior, while each ensemble was significantly 
tuned to an opposing phase of the locomotor step cycle. Not only do these ensembles 
reflect the EMG clustering results, but the ensembles of the lumbar areas thought to 
encode for this rhythmic activation are significantly related to the motor output in 4/5 
subjects.  
Furthermore, this relationship between ensemble activity and motor activity is 
significantly greater than the relationship between each individual neuron to motor output 
and the activity of the entire population of neurons to the rhythmic behavior. Significance 
of population scale neural analysis is also indicated by the 97% of interneurons that are 
participants of locomotor related ensembles as opposed to the 42% of neurons that are 
significantly tuned to the step cycle. Our finding that nearly half of the single units were 
tuned to the locomotor step cycle has been repeatedly found in studies of the single unit 
relation to stepping 
60,301
. The importance of population scale analysis has been 
extensively referenced 
280,310,311
 and is now supported for spinal interneuron activation 
during rhythmic alternation of flexion and extension during air-stepping. 
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Figure 1: Histological DiO verification of electrode penetration site. DiO track seen on 
right side to a depth of ~3000um in the lumbar cord 
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Figure 2: Example of community ensemble membership clustering. Top panel shows 1.5 
seconds of spike times for 32 simultaneously active neurons. Center panel displays the 
same neurons as the top panel, labeled by their ensemble as grouped by the community 
detection algorithm. Bottom panel shows the reordered neurons according to their 
ensemble membership. Vertical bars indicate the EMG extensor and flexor onset times 
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Figure 3: Muscle activity during air stepping and muscle groupings. The upper left panel 
is a pictorial representation of extension and flexion during air stepping. The 
corresponding EMG muscle bursts are shown in the lower left plot over one step for each 
muscle recorded during air-stepping and are referred to by their abbreviations given in 
Table 1. The polar equivalent muscle burst durations are seen in the upper right plot; the 
first half of the step cycle is taken up by the average extensor burst duration (of all 4 
extensor muscles) while the last third of the step cycle contains the average flexor burst 
duration (between all 3 flexor muscles).  The lower right panel shows that muscles 
clustered into 2 groups based on their burst onset and offset times. This tight grouping 
allowed for the use of one extensor EMG and one flexor EMG as representative signals 
for each phase of air-stepping. 
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Figure 5: Left panel: Distribution of the coefficient of variation squared distribution for 
all isolated single units. Right panel: Spike times of neurons whose coefficient of 
variation is small (i.e. tonic) and spike times of neurons whose coefficient of variation is 
large (i.e. more likely to be phasically firing during air-stepping). 
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Figure 7: Distribution of the unimodal neuron’s preferred firing phase per subject. 
Results are consistent across subjects with a lack of units with a preferred phase in the 2-
4 radian range and the majority of preferred phases concentrated to the first and last third 
of the step cycle. 
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Figure 8: Community Detection Ensemble. The top plot shows an example of the binned 
spike count from the total population. The second and third panels are the ensemble spike 
counts as determined via the community detection algorithm. Summed together, these 
ensemble spike counts would equal the top panel population values. The bottom two 
panels show the EMG envelopes of the representative ipsilateral flexor and extensor 
muscles across five steps. The solid vertical lines indicate right extensor onset and the 
dashed vertical lines indicate right flexor onset. 
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Figure 9: Community Detection Ensemble to Muscle Correlation: Each ensemble was 
correlated to an ipsilateral flexor and an ipsilateral extensor EMG. Each point represents 
the correlations to the flexor (x-axis) and extensor (y-axis) muscles for a single ensemble. 
Only significant correlation values were included in the analysis (N=45). The regression 
is nearly at unity and its place to the right of the unity line indicates that each ensemble’s 
positive muscle correlation is greater than its negative muscle correlation. 
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Figure 10: Average correlation of community detection ensemble spiking and EMG of 
flexor and extensor muscles during air-stepping per subject (correlation for the third 
ensemble of lowest neural membership for one trial of subject 5 was not included). Only 
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significant correlations (p<0.05) were included. (N1=23 correlations; N2=16 correlations; 
N3=23 correlations; N4=16 correlations; N5=23 correlations). 
 
Figure 11: Average Community Detection Ensemble to EMG Correlation: Each ensemble 
displayed a significant difference between correlation to flexor EMG and correlation to 
extensor EMG. Additionally, inter-ensemble comparisons showed a significant difference 
in the means of the correlations to the same muscle. 
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Figure 12: Preferred Phase of Firing of Ensemble Participants: Across all trials, we 
grouped each ensemble’s single neuron constituents whose preferred phase of firing was 
significant for unimodal tuning. The plot displays those significant preferred phases of 
firing across each ensemble over all subjects. Delineation between preferred firing phases 
is apparent, although there is some overlap of preferred phase between ensembles. 
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Figure 13: Preferred phase of firing ensembles correlation to flexor and extensor EMGs 
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Figure 14: Average correlation of preferred phase ensemble spiking and EMG of flexor 
and extensor muscles during air-stepping per subject. Only significant correlations 
(p<0.05) were included 
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Figure 15: Average Preferred Phase Ensemble to EMG Correlation: Each preferred phase 
ensemble displayed a significant difference between correlation to flexor EMG and 
correlation to extensor EMG. Additionally, inter-ensemble comparisons showed a 
significant difference in the means of the correlations to the same muscle. 
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Figure 16: Median values of the correlations between neural modality and EMG. Neural 
modalities include population, community detection ensemble, preferred phase of firing 
ensemble and single unit. Absolute, significant correlation values to ipsilateral and 
contralateral flexor and extensor muscle EMGs were grouped in these comparisons. Both 
the community detection and the preferred phase ensemble modalities showed a 
significantly greater median correlation to EMGs than the population and single unit 
median correlations. 
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Figure 17: Distribution of each single unit’s dorsoventral depth and the coefficient of 
variation squared across all subjects. A negative correlation was detected between the 
two variables. 
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Table 1: Muscles Recorded 
 
 
Table 2: Neural Firing Coefficient of Variation Distribution (N= 1117) 
CV
2
 Low Range CV
2
 Upper Range Count Percentage 
0 0.5 146 13 
0.5 1 211 19 
1 2 300 27 
2 40 460 41 
 
 
Table 3: Neural Classification Based Upon Firing Characteristics 
Neuron Firing 
Characteristic 
Neuron Count Total Percentage of Neurons 
Recorded 
Unimodal 509 1207 42.2% 
Bimodal 42 1207 3.5% 
Tonic 155 1207 12.8% 
Total 705 1207 58.4% 
Muscle (Abbr.) Primary  Function Secondary Function 
Sartorius Anterior (SA) Hip Flexor Knee Extensor 
Biceps Femoris Anterior (BA) Knee Extensor  
Vastus Lateralis (VL) Knee Extensor  
Biceps Femoris Posterior (BP) Knee Flexor Hip Extensor 
Gastrocnemius Medialis (MG) Ankle Extensor  
Soleus (SL) Ankle Extensor  
Tibialis Anterior (TA) Ankle Flexor  
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Table 4: Neural Correlation between Location and Preferred Phase of Firing (PPF) 
Test: Correlation Subject Correlation Significance 
(p<0.05) 
Relationship? 
RostroCaudal (R/C)-
PPF 
1 0.1820 0.1239 No 
R/C – PPF 2 0.4755 0.0240 Yes 
R/C – PPF 3 0.0401 0.9318 No 
R/C – PPF 4 0.2277 0.2282 No 
R/C – PPF 5 0.0344 0.8954 No 
DorsoVentral (D/V)-
PPF 
1 0.0818 0.6320 No 
D/V-PPF 2 0.5786 0.0040 Yes 
D/V-PPF 3 0.1570 0.3257 No 
D/V-PPF 4 0.1411 0.5028 No 
D/V-PPF 5 0.1897 0.0626 No 
Ensemble: Fisher’s 
Exact 
All 
(111) 
NA 0.1086 No 
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Chapter 3: Power spectral analysis of lumbar multiunit activity during locomotion 
 
3.1 Abstract  
 
Clues about the organization of spinal networks responsible for rhythmic motor 
control have been obtained through systematic studies of reflex circuitry 
24,44,49,119,205,206,239,241,245,247,250,312
, segmental isolation via lesioning 
42,45,64,313-315
 and single 
cell recordings 
49,85,316
.  Recently, more attention has been paid to population scale studies 
as a means to define functional circuits responsible for rhythmic alternation of the 
hindlimbs 
31,58-60
. Extracellularly recorded continuous multiunit signals are thought to 
represent the general activity of local cellular potentials, with additional weight given to 
synchronously activated populations 
78
. Based upon the previous gross localization of 
spinal locomotor encoding networks, this study uses in-vivo multiunit signals of the 
mature lumbar cord to further classify the activation and organization of spinal locomotor 
networks. This study specifically employs power spectral analysis to compare multiunit 
power across rhythmic conditions and locations as well as to infer patterns of activation 
based upon coherence and phase measures.  
We found greater multiunit power in midlumbar segments L3-L5 during stepping, 
supportive of previous lesioning studies isolating lumbar rhythmic generating centers to 
these segments in the cat 
45,53
. We also found much greater multiunit power during the 
flexion phase of stepping than during the extension phase for all lumbar segments. 
Greater multiunit power at flexion indicates increased neural activity during this phase 
and is suggestive of previously reported asymmetries between flexor and extensor related 
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populations of the spinal rhythm generating network 
23,79
. Finally, the multiunit power 
showed no phase lag at coherent frequencies throughout the lumbar enlargement 
indicative of a longitudinal standing wave of neural activation. This result is consistent 
with previous findings in our lab 
30
 and might represent the distributed integration of 
neural locomotor information along the lumbar enlargement. Our results suggest that the 
multiunit activity may be representative of the spinal rhythm generating activity which is 
distributed in a decreasing rostrocaudal gradient from L3, caudally. Additionally, our 
results indicate that the multiunit activity may operate as a flexor dominant standing 
wave of activation that is synchronized throughout the rostrocaudal extent of the lumbar 
enlargement. 
 
3.2 Introduction and Rationale    
   
3.2.1 Spectral Analysis of Multiunit Signals 
 
Multiunit signals are thought to represent the generalized output of local neurons 
within a ~140-300um radius of a recording electrode 
55,78,317
. While single unit spike 
times are biased toward large cells, smaller cells are thought to provide the small 
amplitude, fast signals represented by higher frequencies in the multiunit power 
78
. 
Because they are weighted sums of extracellular potentials, multiunit signals are 
enhanced by the synchronous activation of cells from distributed populations. Therefore, 
the use of multiunit activity is a logical supplement in studying the neural control of 
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behavior.  Historically, multiunit activity has been used to study neural stimulus encoding 
within the primary auditory cortex 
318
, the visual cortex  
319
, the premotor cortex 
320
 and 
the lumbar spinal cord 
30
.  In this study, we perform power spectral analysis on the 
multiunit activity during stepping to explore the neural encoding of locomotion.  
Power spectral analysis has become an influential tool in studying neural 
mechanisms in relation to behavioral correlates as well as the functional connectivity 
between distributed populations 
321-323
. Spectral coherence of neural signals represents the 
degree of commonality between two systems within the frequency domain. It has been 
hypothesized that neuronal coherence is the basis of effective connectivity within the 
nervous system and that neural communication would not exist without it 
323
. Power 
spectral analysis and coherence measures have been used to investigate motor physiology 
in corticomuscular and corticospinal synchronization 
324-328
 and spinal interneuronal 
activation during fictive locomotion 
58
.  
In this study, we use power spectral analysis in three ways to explore 
interneuronal activity during stepping: 1) comparisons of rostrocaudal multiunit power 
show the lumbar segments of greatest activity during stepping, 2) comparisons of flexion 
and extension phase multiunit power indicate the neural emphasis during rhythmic 
alternation and 3) comparisons of coherence and phase measures across segments show 
rostrocaudal activation patterns during stepping along the lumbar cord.  
 
3.2.2 Localization of Rhythm Generating Centers 
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 Studies of the spinal rhythm generating centers indicate that the interneuronal 
populations within the L3-L5 segments are responsible for scratching rhythm generation 
in the adult cat 
53. These experiments used two methods of “isolation” in determining a 
spinal segment’s rhythmogenic capability in the cat scratch reflex. By cooling the dorsal 
surface of the cord and damaging the grey matter of lumbar segments with a heated wire, 
this study determined that together, the L3 and L4, as well as L5 individually, were 
capable of oscillatory motor output. L6 and lower segments were only capable of 
generating rhythm on their own under certain conditions during cooling. Additionally, 
because isolated L6-S1 segments are capable of generating alteration in ankle extension 
or flexion during locomotion in the adult cat 
54
, a decreasing rhythmogenic potential 
gradient is thought to exist from L3-S1. Furthermore, results specific to locomotion in the 
adult cat show that caudal L3-L4 segments are vital for rhythmic activation of locomotor 
output based upon a series of lesioning studies 
45
.  Similar results have been found in 
many animal models, resulting in recognition of a rostrocaudal gradient of neural 
rhythmic generation capability along the lumbosacral spinal cord across species 
131
. The 
reason for the rostrocaudal differences in rhythmogenic potential are unknown, however 
differences in the concentration of intraspinal inputs 
329
 or neuromodulatory substances 
330
 are possible explanations.  
 
3.2.3 Models of Stepping Control: 2-level Central Pattern Generator 
 
A two-level model of the central pattern generator has been hypothesized by 
numerous studies 
24-26
 and modeled by McCrea and Rybak, 2008 
22
. This two level 
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architecture was formulated to explain such gaps in the half center hypothesis as 
bifunctional muscle activation patterns and non-resetting deletions, whereby motor 
neuron activity disappears, but flexor and extensor timing is maintained upon 
reappearance of the rhythm 
230
. The first level is described by two excitatory rhythm 
generating subunits that set the phasic information for extensor and flexor premotor 
populations through mutual inhibition between interneurons. The second level consists of 
pattern formation subunits that are driven by the rhythm generating networks of the first 
level and subsequently shape the information of the rhythm generation network. These 
pattern formation populations work in a 1:1 reciprocal fashion and are responsible for 
direct drive to flexor and extensor motor neuron populations. This model is unique in that 
it incorporates afferent input and includes two levels of reciprocal inhibition.  
The rhythm generating level of the CPG model serves as an inherent clock that is 
centrally timed 
26,331
 and the flexor and extensor rhythm generating populations behave in 
a reciprocal “half-center” layout of mutual inhibition. Inconsistencies in the patterns of 
drive to flexor and extensor motor populations 
332,333
 and other findings 
24
 led to the idea 
that the term “half-center” in reference to the rhythm generating centers was a 
simplification and that biologically, each center could operate semi-autonomously and 
not always in a 1:1 reciprocal fashion.   
Evidence for an asymmetric interaction between flexor and extensor rhythm 
generating centers  comes from experiments showing that flexor controlling interneuron 
populations are highly inherently rhythmic while extensor populations are tonically active 
23,79
. Extensor output is thought to be modulated by inhibitory interneuron populations 
receiving input from phasically active flexor populations 
79
.  Further evidence of spinal 
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asymmetry during antagonist muscle activation in fictive locomotion comes for the 
activity patterns of L4 spinal interneurons receiving group II input from quadriceps, 
sartorius and pretibial flexor muscle afferents with projections to L7 motor pools. These 
results indicate that 2/3 of the interneurons studied were phasically active during flexion 
while the remaining third were not rhythmically active at any time 
49
.  
Recent evidence for a flexor dominant rhythm generating half center comes from 
experimental results in the neonatal mouse fictive locomotion prep and subsequent 
modeling results 
23
. The experiments show a strict asymmetry in antagonist motor output 
where absence of flexor motor neuron activity was associated with tonic extensor motor 
neuron activity. Alternatively, an absence of extensor motor neuron activity was 
associated with no change in the rhythmic behavior of flexor motor activity.  The 
differences in flexor and extensor output during the absence of the antagonist muscle led 
to the hypothesis that the flexor rhythm generating population is phasically active and the 
extensor rhythm generating population is tonically active. A more detailed description of 
the computational model of the central pattern generator accounting for these results can 
be found in Zhong et al 
23
.  
 
3.2.4 Rostrocaudal Activation Patterns along the Lumbar Spinal Cord 
 
 Interneuronal activation patterns along the lumbar spinal cord have been 
hypothesized to play a vital role in the network organization of the neural control of 
locomotion. Three activation patterns will be considered here: a travelling wave 
progression of activation, a longitudinal standing wave of synchronous activation and a 
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modular organization of nonlinear progression of activation. The traveling wave is a 
linear progression of interneuronal activity from rostral to caudal spinal segments that is 
seen in fictive swimming in the larval zebrafish 
266,267,334
, fictive scratching in the adult 
cat 
33,335
 and suggested during fictive locomotion in the neonatal mouse 
58
. This traveling 
wave progression of spinal activation could indicate two organizational schemes of the 
central pattern generator; either segmentally coupled oscillators of many interconnected 
central pattern generators, or a single forceful distributed central pattern generator 
controlling all oscillators 
334
. The latter theory could attribute the traveling wave to the 
physical separation of spinal segments as the increased distance from the CPG epicenter 
causes conduction delays to more caudal segments 
322
. 
 The longitudinal standing wave is characterized by synchronous activation of 
locomotor related interneurons as a coherent network distributed throughout the lumbar 
enlargement. AuYong et al (2011) provided evidence supporting a longitudinally 
distributed network within the intermediate zone of the spinal air-stepping cat in which 
single unit and multiunit activity of interneurons from L3 to L7 were concurrently 
activated and highly temporally correlated to the ipsilateral swing to stance transition 
period during air-stepping 
29,30
. Recently, spontaneous activity of cord dorsum potentials 
in the anesthetized cat from lamina III-IV has demonstrated synchronous activity, 
bilaterally distributed throughout the extent of the lumbosacral cord in both the intact and 
the acutely spinalized cat 
37
. Another study indicated that the activation of many 
intermediate zone neurons was preceded by a synchronous, slow negative cord dorsum 
potential that presumably came from dorsal horn neural populations 
272
. While these 
longitudinal standing activations of cord dorsum potentials and dorsal horn neurons 
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activated in response 
272,273
 were spontaneous and not elicited during rhythmic behavior, 
they are hypothesized to represent tightly coupled networks of spinal interneurons 
involved with the modulation of information transmission from sensory systems to motor 
systems. 
Similar to the traveling wave hypothesis that the central pattern generator is made 
up of linearly coupled oscillators, the modular organization progression of activation 
hypothesizes the central pattern generator to be made up of nonlinearly coupled 
oscillators. Recent evidence of such patterning is seen in human and cat motor pools 
102,275
 where motor neuron activation during stepping oscillates between rostral and 
caudal spinal segments. The modular organization hypothesizes that the spinal 
interneuron systems driving motor output are similarly organized. A similar theory 
follows dynamics of multiple synfire chains 
277
 in which premotor modules are connected 
across multiple segments that do not fire in a linear spatiotemporal fashion due to chains 
of inhibitory neurons that increase in activity through synchronization.  
The analysis of multiunit power addresses three questions regarding the neural 
control of locomotion: 1) Are there rostrocaudal differences in the involvement of neural 
systems to stepping in the lumbar spinal cord? 2) Are there differences in neural 
activation during opposing phases of stepping? 3) Are there gross patterns of neural 
activation along the lumbar cord of populations hypothesized to drive motor output? We 
will now describe the methods used to address these questions. 
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3.3 Materials and Methods 
 
Animals and experimental procedures, surgical procedures, data acquisition and EMG 
processing were as reported in chapter 2. Three analyses were used to compare various 
features of the multiunit activity in the lumbar spinal cord, 1) multiunit relative spectral 
power analysis was used to compare power level between lumbar segments, 2) multiunit 
power spectral analysis was used to compare power during flexion and power during 
extension, and 3) multiunit coherence and phase between signals (64 channels averaged 
per lumbar segment) were used to relate the timing of MUA between lumbar segments. 
 
3.3.1 Multiunit Envelope Processing  
 
Multiunit spectral analysis was performed for trials with the greatest number of 
consecutive steps per recording location. Multiunit activity processing methods were 
based upon AuYong et al 2011 and Stark & Abeles 2009 
30,320
. For each channel within 
an electrode array, a comb filter was applied to remove 60 Hz (and harmonics) noise. The 
signal was then zero phase bandpass filtered with a 4 pole Butterworth filter from 300-
4000Hz. The multiunit signal was downsampled to 2000Hz and the average potential 
amplitude per signal was subtracted from each channel to remove DC offset 
318
. In order 
to remove large noise artifacts present during some stepping trials, signals that surpassed 
the 99.99
th
 percentile of the signal amplitude were removed for a 6 ms window 
surrounding the artifact peak and replaced with the mean signal amplitude.  
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When analyzing spectral power differences between 1) lumbar segment and 2) 
extension and flexion, we removed the bias of large amplitude action potentials per 
channel by clipping each signal at 50uV and replacing extreme values with a linear 
interpolation of the surrounding signal 
30
 prior to the root mean square procedure. For all 
three analyses listed above, each channel’s multiunit signal underwent a root mean 
squared process (square signal, low pass filter at 100Hz, square signal) 
320
. The coherence 
and phase analysis (3) then involved averaging the multiunit envelope across the 64 
channels of a single electrode array 
328
, resulting in two composite multiunit waveforms 
per trial, one for each lumbar segment recording. 
In order to test that the increased power in lower frequencies was of biological 
relevance and not an artifact of the root mean squared procedure, we compared the 
power, coherence and phase results between electrode arrays for both rest and stepping 
conditions. The multiunit envelope process was performed for 20 seconds of rest at the 
same locations and we removed the DC offset, averaged the signals across the 64 sites 
per array and performed the same root mean squared pre-processing as the stepping 
multiunit signals. Both the highly coherent frequencies during rest and stepping as well as 
the duration of consecutive significantly coherent frequencies were considered. 
 
3.3.2 Comparisons of the Multiunit Power Spectral Density per Lumbar Segment  
 
The two air-stepping trials with the greatest number of steps at each spinal 
location were chosen for this analysis. Multiunit activity at rest was taken from 16 
channels at the same recording location as the MUA air stepping trials. The first 18 
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seconds of both stepping and rest trials were used in this analysis. Rest trial multiunit 
signals were processed in the same manner as the MUA during stepping trials, the mean 
was subtracted to remove DC offset followed by the root mean square procedure prior to 
spectral analysis. Analysis was performed per subject, initially, and then grouped across 
subjects according to the lumbar segment from which they were recorded.  
Multitaper spectral analysis was performed with a time-bandwidth product of 4 
and 7 tapers, a window size of 18 seconds and covering the frequency band from 0.5-50 
Hz (Chronux package, 
336-339
).  In order to compare power across lumbar segments and 
subjects, the air-stepping multiunit power spectrum was divided by the corresponding rest 
multiunit power spectrum per channel to give a normalized, unitless power spectrum (R-
spectrum of Burns et al 2010 
317
). 
 
             
                                     
                                 
 
 
 Statistical analysis was used to test the difference in mean relative power per 
lumbar segment using a one way ANOVA across 5 lumbar segments (L3-L7). 
Comparisons between relative segmental power were broken down by frequency bands 
(0.5-3 Hz, 3-6 Hz and 6-10 Hz) that were selected based on peaks in spectral power for 
the low and high band that were consistent across subjects. While there were significant 
differences in multiunit power per lumbar segment above 10 Hz, the power during rest 
was equitable or greater than the power during stepping in these frequencies for some 
lumbar segments. Therefore, the frequency band above 10 Hz was not considered in our 
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results. A Tukey multiple comparisons test (benjamini-hochberg multiple corrections, α = 
0.005 
340
) was used to detect differences in mean multiunit power between the 5 lumbar 
segments.  
 
3.3.3 Trial Selection Criteria for Flexion and Extension Phase MUA Power 
Comparisons 
  
Step duration was defined as the time difference between the right extensor 
muscle onset to consecutive right extensor onset. Flexor onset phase was defined as the 
(right flexor onset time – right extensor onset time)/step duration. To be considered for 
analysis, an individual step’s duration had to fall within ±10% of the mean step duration 
for the trial and the flexor onset phase had to be within ±10% of the mean flexor onset 
phase for the trial. Only trials that contained at least ten steps meeting these criteria were 
included for analysis.  
 
3.3.4 Comparisons of Flexion and Extension Phase Multiunit Power Spectral 
Density 
  
Windows of multiunit activity for one flexor muscle’s bursts and windows of 
multiunit activity for one extensor muscle’s bursts (from the bursts’ onset to the average 
burst duration) were taken for all steps fulfilling the above criteria. This analysis resulted 
in two datasets per electrode array: the first dataset applied to the MUA during the 
extensor burst for all channels and steps and the second applied to the MUA during the 
flexor burst for all channels and steps.  
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Multitaper power spectral estimation was performed for the frequency range from 
7-50 Hz with a  time-bandwidth product of 2 and 3 tapers (Chronux, 
336
). The multiunit 
power per stepping phase could not be resolved for frequencies less than 7 Hz due to the 
short temporal duration of the flexor and extensor phases of stepping. We used a two 
group hypothesis test (Bokil et al 2007, 
337
) to detect significant differences between the 
power spectra of multiunit activity during flexion and extension. This test is unique in 
that it is applicable to unequal sample sizes (in our case the extensor burst duration 
differed from the flexor burst duration within a trial) and the jackknife estimates of 
variance of the test statistic do not assume a normal distribution of the data 
337
. 
Compensation for bias in this analysis is twofold; first, Jackknife variance estimates 
allow for detection of large amounts of nongaussian variance among power data across 
frequencies. Therefore, large variances in data were excluded from consideration for 
significance when the Jackknife estimated variance of the spectra was greater than 5 
337
. 
Second, due to the decreased frequency resolution introduced by multitaper estimation 
for a time bandwidth product of 2, we only considered instances where one condition was 
significantly greater than another for more than a 4 Hz bandwidth. Benjamini-Hochberg 
multiple comparisons false detection rate calculation α=0.05/(2*frequencies*channels) 
was used to compensate for multiple comparisons across 43 frequencies and 64 channels 
340-342
.  
3.3.5 Multiunit Coherence and Phase Analysis for Detection of Progression in 
Rostrocaudal Activation 
   
Coherence and phase between multiunit signals of each lumbar segment were 
calculated for at least 10 seconds of stepping 
324,343
. Multitaper spectral analysis was 
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performed for each coherence and phase measure with a time-bandwidth product of 5 and 
9 tapers for a bandpass frequency from 0.25-45Hz and included jackknife error estimates 
(α=0.05) 336. In order to be considered highly coherent, MUA coherence had to be greater 
than the 95% confidence interval and the coherent frequency band’s duration had to be 
longer than 0.37 Hz  (24 consecutive samples) 
328,344
.  Coherence and phase measures 
were analyzed by frequency band: 0.25-2 Hz (low), 2-5 Hz (medium) and 5-9 Hz (high). 
While there was some significant multiunit coherence between segments above 9 Hz, the 
resulting significantly coherent frequency bands were infrequent and inconsistent and 
therefore not considered for analysis.  
The multiunit coherent phases between segments (L3-L4; L3-L5; L3-L6; L3-L7) 
were grouped per frequency band (low, middle, high) across all subjects. A one way 
ANOVA was used to test for a difference in mean phase between segments within the 
same frequency band. Finally, Tukey’s multicomparison test was used to calculate the 
significant mean phase differences between segments for each frequency band (α = 0.05). 
 
3.4 Results 
 
3.4.1 Summary  
 
In total, 36 air stepping trials and 18 rest trials were analyzed across 4 subjects, 
with an average of 9±1 air stepping trials per subject. 25 unique recording locations were 
used across all subjects with 18 unique pairs of rostrocaudal locations. While the 
recording locations sampled varied per subject, each lumbar segment was recorded at 
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least 8 times (L3=24, L4=14, L5=8, L6=16, L7=10) and there were at least 4 unique 
recording locations per lumbar segment (L3 = 4, L4 = 5, L5=4, L6=8, L7=4). The 
dorsoventral recording depth spanned from 1560±217 µm to 2960±217 µm.  
Figures 18 and 19 show the multiunit activity during a single air stepping trial. 
Figure 18 shows the electrode array averaged multiunit activity per lumbar segment as 
well as the corresponding EMG activity across 6 steps. Figure 19 shows the step 
averaged spectral power (in dB) of multiunit activity per array across a single step of the 
trial in figure 18. Modulation of the L3 multiunit activity to the step cycle in figure 18 is 
matched by the increased power during flexion seen in the center panel of figure 19.  
Finally, our control for the low frequency power introduced by the root mean 
square processing of multiunit activity is seen in the right panel of figure 19. While there 
is greater low frequency power than in higher frequencies during rest, the power at all 
frequencies is negligible. Additionally, when multiunit rest signals underwent coherence 
measures between locations at separate lumbar segments, the rest coherence rarely went 
above the 95% confidence interval for any frequency and the lower 95% confidence 
interval of the jackknife estimate never went above the 95% confidence interval for 
significant coherence.  
 
3.4.2 Comparisons of the Multiunit Relative Spectral Power between Lumbar 
Segments  
 
The number of trials and the spinal lumbar segments used for analysis of the 
spectral power of the MUA varied per subject (Subject 1: L3 = 2 trials, L4 = 8 trials, L5 = 
0 trials, L6 = 2 trials, L7 = 6 trials; Subject 2: L3 = 2 trials, L4 = 0 trials, L5 = 2 trials, 
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L6=4 trials, L7=2 trials; Subject 3: L3 = 2 trials, L4 = 2 trials, L5 = 2 trials, L6 = 6 trials, 
L7 = 0 trials; Subject 4: L3 = 2 trials, L4 = 2 trials, L5 = 4 trials, L6 = 4 trials, L7=2 
trials). Overall, there were at least 8 MUA air-stepping trials analyzed per lumbar 
segment (L3 = 8 trials, L4 = 12 trials, L5 = 8 trials, L6 = 16 trials, L7 = 8 trials).  
Negligible differences were detected between power content across subjects 
(appendix III) and therefore, results were combined for all subjects. In the low frequency 
range (0.5-3 Hz), the MUA power showed a peak around 0.75-1.25 Hz in all lumbar 
segments (figures 20 and 21). Comparisons across segments showed that the MUA power 
in L4 was much greater than in all other segments in the low frequency range. 
Additionally, the MUA power in L5 was also significantly greater than in the L3, L6 and 
L7 segments. 
 In the mid-frequency range (3-6 Hz), the multiunit power spectrum did not show 
any peaks in any lumbar segment (figures 20 and 21). Again, L4 showed much greater 
MUA power than the remaining segments. L3 also showed greater power than L5, L6 and 
L7. The power in L5 was the lowest MUA power among segments, comparable to the 
low power in L7.  
The high frequency band from 6-10 Hz displayed a significant peak within this 
range for many subjects and lumbar segments as can be seen in the broad peak of the 
averaged power spectra for all subjects (fig 21, top panel) and as distinct peaks within 
individual subjects (L3 example, figure 20). The location of the peak varied slightly 
between 6 – 8 Hz across subjects (figure 20). The comparisons in MUA power between 
segments showed the greatest power in the L3 segment and decreased for the more caudal 
segments, with power in L4 being significantly greater than in L5, L6 and L7. The power 
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at the higher frequencies (10-50 Hz) was comparable between stepping and rest MUA 
and did not display any peaks within this range. Relative power differences between 
segments were consistent with results from 6-10 Hz where power decreased with more 
caudal segments from L3 to L5 however, they increased slightly for L6 and L7.  
 
3.4.3 Comparisons between Flexion and Extension Phase Multiunit Spectral Power  
 
29 air stepping trials were used in this analysis (Subject 1 = 10 trials; Subject 2 = 
6 trials; Subject 3 = 7 trials; Subject 4 = 6 trials). There were 29±13 steps per trial on 
average (subject 1=34±13 steps; subject 2=22±8 steps; subject 3=36±13 steps; subject 
4=19±7 steps). The average flexor burst duration was 0.31 ±0.12 seconds and the average 
extensor burst duration was 0.45±0.12 seconds (Subject 1 = .39±.14 seconds, 0.48±.13 
seconds; Subject 2 = .18±.05 seconds, .33±.06 seconds; Subject 3 =  0.32±.05 seconds, 
.44±.1 seconds; Subject 4 = .29±.06 seconds, 0.55±.05 seconds).   
Two examples of multiunit power spectra during flexion and extension are 
presented in figure 22 (below). These data were recorded in the same air stepping trial 
over two multiunit electrode arrays placed in L7 and L3 and correspond to the left and 
center panels of figure 19, respectively. As seen for the step in the left panel of figure 19, 
the power difference between MUA during flexion and extension in the L7 segment was 
negligible over most frequencies and is reflected in the horizontal blue bars along the x-
axis that indicate the significantly different frequencies. The location of the bar along the 
x-axis represents the significantly greater power frequencies of one condition over the 
other condition and the color of the bar indicates which condition had the greater power. 
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Alternatively, the multiunit power during flexion was much greater than during extension 
across all frequencies in the L3 segment MUA data (seen as the continuous horizontal 
blue bar along the x-axis in figure 22). Again, this is matched in the corresponding time-
frequency plot of the center panel of figure 19. 
MUA power spectral comparisons between flexion and extension phases were 
grouped per lumbar segment (figure 23). Because there was no grouping of greater power 
bands within lumbar segments, frequencies of greater MUA power per condition were 
summed across all locations (figure 23 lower panel). While areas of greater MUA power 
during extension occur in the 7-12 and 28-41 Hz frequency bands, there was greater 
MUA power during flexion across all frequencies. Figure 24 shows these results per 
subject. Other than a higher percentage of bands with greater MUA power at flexion, 
results per segment and frequencies of greater MUA power at extension were 
inconsistent.   
In total, there were 2494 comparisons from 58 electrode arrays (2 per trial) and 43 
frequencies (between 7-50Hz) (2494 squares in figure 23 top panel). Two group 
hypothesis testing showed that the multiunit activity was greater during flexion in 
855/2494 (34%) comparisons, greater during extension in 62/2494(3%) comparisons and 
equitable between conditions in 1577/2494 (63%) comparisons.  
 
3.4.4 Multiunit Coherence between Segments  
 
24 air stepping trials were analyzed for neural coherence and phase between 
lumbar segments from 4 subjects (Subject 1: 2, Subject 2: 8, Subject 3: 4, and Subject 4: 
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10). Overall, 30 unique recording locations were processed among all 4 subjects. Trials 
per rostrocaudal lumbar segment separations varied; 2 trials for L3-L4, 8 trials for L3-L5, 
10 trials for L3-L6, 4 trials for L3-L7.  
 The majority of significantly coherent frequencies fell into low (0.25-2 Hz), mid 
(2-5 Hz) and high (5-9 Hz) frequency bands across all segment separation (figure 26).  
 Figure 27 shows the phase differences between the MUA activity recorded at 
different lumbar segments for each subject and frequency band. A few trends appear: 1) 
all mean phases are relatively close to zero, with the greatest deviation from zero phase 
being 0.4 radians  and 2) there is a significant increase in phase difference with increasing 
rostrocaudal separation in subjects 2 and 3, however the values of the phase differences is 
inconsistent and the trend does not continue in subject 4. Overall, the results for phase 
differences in multiunit activity between lumbar segments are highly inconsistent 
between subjects. The only consistent results are the very small values of phase 
difference, no larger than 0.4 radians and typically much less, between L3 and caudal 
segments. 
Assuming that the phase measurements occur within one cycle period, the time 
associated with a phase difference of 0.15 radians in the low frequency band (~1 Hz) is 
approximately 24 ms.  For the high frequency band (~7 Hz) and a maximum phase 
difference of 0.4 radians, the time difference in activation between segments is 
approximately 9 ms.  For a lumbar enlargment distance of 35mm, these times relate to the 
magnitude of neural transmission. These implications will be further discussed in the 
discussion section.  
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3.5 Discussion 
 
3.5.1 Summary 
 
This study analyzed spinal multiunit signals during stepping for evidence of 
differences in activity per lumbar segment and phases of locomotion and to characterize 
the patterns of neural activation along the lumbar enlargement. Consistent with previous 
studies of spinal rhythmic generation centers in the cat 
45,53,54
, we found more multiunit 
power in midlumbar segments L3-L5 during stepping. Contrary to our original hypothesis 
of equal multiunit power during flexion and extension based on our single unit results 
showing both flexor and extensor related units, we found significantly greater multiunit 
power during the flexion phase of stepping than the extension phase of stepping in a large 
percentage of cases (~20-50%) for all lumbar segments. These levels of multiunit power 
may represent degrees of overall neural activity during stepping. Greater power during 
flexion is reminiscent of previously reported asymmetries between flexor and extensor 
related population firing of the spinal rhythm generating networks 
23,79
. Finally, the 
multiunit power showed no phase lag at coherent frequencies throughout the lumbar 
enlargement indicative of a longitudinal standing wave model for MUA. This result is 
consistent with previous findings in our laboratory based upon segmental population 
analysis 
30
 and could represent the distributed integration of neural locomotor information 
along the lumbar enlargement. Taken together, these results suggest that MUA may 
represent the output of a rostrocaudally synchronized flexor dominant rhythmic 
generating center. 
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3.5.2 Spectral Power of Spinal Interneuron Multiunit Activity 
 
 Rostrocaudal Multiunit Power Differences  
 
Localization of the lumbar segments essential for rhythmic alternation of the 
hindlimbs have concluded that vital segments in the cat are L3-L5 
45,53
, while further 
caudal segments show less robust rhythm generating capability
54
. Additionally, lamina 
VII-VIII of the intermediate zone and ventral horn of segments L3-L5 have been shown 
to produce strong field potentials in response to group I and II afferents from the 
quadriceps, sartorius, tibialis anterior and extensor digitorum longus muscles through one 
or more synapses 
210
. Furthermore, interneurons from these segments have also been 
shown to project to motor units in L7-S1 
239
. These studies show that segments L3-L5 in 
the cat are highly involved in sensory-motor integration during locomotion 
44
  and 
contain the cells involved in rhythm generation of the hindlimbs.  
Our results are highly supportive of the rhythm generating centers located in L3-
L5, especially when considering the multiunit power distribution across lumbar segments 
for the frequency bands with peaks in the multiunit power spectrum (low, .5-3 Hz and 
high, 6-10 Hz)  (figure 20). While the lumbar segments of greatest multiunit power differ 
slightly between these two bands (figure 21) (L4-L5 in the low band and L3-L4 in the 
high band), the greatest MUA power overall is in the mid-lumbar segments L3-L5.  
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Multiunit Power Differences per Stepping Phase 
 
In our second chapter, we discuss findings of two ensembles of interneurons 
within the lumbar enlargement that encode for opposing phases of the step cycle (figures 
8 and 11). For this reason, we anticipated that the multiunit activity would reflect the 
activity of the isolated single units and that the multiunit power during flexion would be 
the same as the multiunit power during extension. However, contrary to our hypothesis, 
our results demonstrated greater power during flexion than extension across all lumbar 
segments (figures 19, 22-24). This result supports previous observations of differences in 
the rhythmicity of spinal interneuron drive to flexor and extensor motor neurons during 
stepping 
23,79
. 
The differences between the information supplied by the continuous multiunit 
signals and the discrete spike times of single and multiunits could have something to do 
with the rejection of our original hypothesis of equitable multiunit power between 
stepping phases. While discrete spike time data are known to be biased toward the local, 
large amplitude spiking neurons, the continuous multiunit activity reflects the changes in 
magnitude of extracellular potentials. These extracellular potentials include the 
summation of both large amplitude action potentials from large, local cells as well as 
synchronously active small action potentials from smaller neurons 
78
. Another possibility 
for the origin of the potentials that are picked up in continuous multiunit signals comes 
from evidence claiming that gap-junction-mediated electrical coupling and not spike-
mediated synaptic transmission is responsible for rhythm generation in invertebrates and 
immature mammals 
278,345,346
. However, the authors hypothesize that the involvement of 
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nonspiking cells upon locomotor systems declines with maturation
278
.  All things 
considered, the electrical potential of the nonspiking cells and small, synchronous cells 
within the intermediate and ventral horn could be represented in the continuous multiunit 
activity.  Additionally, these signals would be absent when studying the individual spike 
times of spinal interneurons within the same locations. 
In addition to the greater multiunit power during flexion being attributed to the 
involvement in a flexor dominant rhythm generating center, our air-stepping model 
provides a possible alternative reason for greater multiunit power during flexion than 
extension.  In studies of the spinal cat’s response to the removal of ground reaction forces 
(in the form of a hole in the treadmill), scientists observed a delayed flexor onset of 100-
250ms when the ground was removed, however the duration of the flexor burst did not 
change between treadmill walking and the loss of ground support 
347
.  While a delay in 
flexor onset may be an indication of differences in modulation of the CPG by muscle 
afferents during treadmill and air-stepping, the lack of differences in flexor burst duration 
of air-stepping and treadmill stepping causes us to believe that greater MUA power 
during flexion is unlikely to be an artifact of air-stepping. Furthermore, there was a 
complete absence of muscle afferents during fictive locomotion observations of non-
resetting deletions 
23
 that led to the same hypothesis of a flexor dominant rhythm center.  
Studies of MLR stimulated fictive locomotion in the cat designate the locomotor 
phase with the largest variations in timing as the “dominant” phase 348. In their study, 
Yakovenko et al 2005 report that in 71% of cases, changes in cycle duration were 
attributed to larger variations in the flexor phase, implying flexor dominance.  
Furthermore, they stated that either the extensor or flexor burst was active for more than 
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half of the step cycle and that the longer muscle burst duration indicated flexor or 
extensor dominance. Based upon these findings, the authors hypothesize that the central 
pattern generator is not flexor or extensor biased and instead is modulated by background 
drive in the form of sensory input. Additionally, the lack of sensory feedback in the 
fictive locomotion preparation would result in flexor dominance of the rhythm generating 
level of the CPG.  
In our study the onset and offset times of muscle bursts grouped evenly by phase 
(flexor or extensor) with very little variance per subject (figure 3) and the 95% 
confidence interval of the flexor onset phase within the right step was between 60-64% of 
a step (3.8-4 radians) for all subjects. Furthermore, the extension burst lasted ~50% of the 
step cycle while the flexion burst lasted <40% of the step cycle in all cases. If we were to 
anticipate domination of the rhythm generator based upon the muscle burst duration, we 
would hypothesize an extensor dominated CPG, which is contrary to our findings of 
greater multiunit power during the flexion phase of stepping.  
 Another possibility for greater MUA power during flexion than extension being 
attributed to a flexor dominant rhythm half center is the multiunit involvement in afferent 
feedback encoding for hip position and functioning to initiate the swing phase of 
locomotion 
49,239
. In a study of group II afferent effects upon L4 interneurons in the 
paralyzed, decerebrate cat 
49
 the authors found rhythmic interneurons during fictive 
flexion. They attributed the activation to the input from quadriceps and sartorius muscles 
and hypothesized the cell’s involvement in hip position based upon the flexor rhythmic 
activity. While the activation patterns of the neurons of this study are most likely 
involved in or influenced by afferent input from the hindlimb muscles, the central pattern 
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generator has been shown to be highly modulated by afferent input 
165,349-351
 and 
differentiating between the two classifications is beyond the scope of the current project.  
 
Multiunit Activation Patterns along the Lumbar Enlargement 
 
Three patterns of neural activation along the lumbar cord during rhythmic 
behavior have been proposed: the traveling wave, the standing wave, and the modular 
organization. The traveling wave, as seen in fictive scratching, shows a rostrocaudal 
progression of activation from L4 to S1 during a 3 Hz scratching rhythm that lasts 
approximately a third of the scratch cycle (~300 ms). Further evidence for the traveling 
wave hypothesis in the 100 segment swimming lamprey suggest a 1% cycle phase lag per 
segment for a swimming cycle frequency around 0.7 Hz (~1400 ms) 
36,267
. Because these 
activation patterns are on a time scale equitable to a cycle duration, if the spinal 
interneurons of lamina V-VII were activated in a traveling wave progression, we would 
expect to see an increase in phase difference from L3 to L4 of about 0.8 radians and from 
L3 to L7 of 3.1 radians within the low frequency band.  
A longitudinal standing wave of activation displayed no relation between 
rostrocaudal position and peak of neural activation in a previous study of the air-stepping 
cat 
30
. The multiunit activity had maximal activity on the transition from swing to stance 
and a duration of approximately half of the step cycle, which describes the order of 
magnitude of the duration of the longitudinal standing wave activation on the order of a 
step cycle (~1000 ms). Furthermore, synchronous intersegmental patterns of neurons 
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during spontaneous negative cord dorsum potentials measures on a timescale of ~25ms 
272
. This study did display latency shifts from L5 and L6 preceding L4 and L7 by 5.8 and 
9.0 ms as well as triggered potentials in L5 occurring 4.6 ms before those in L6. While 
these authors suggest that these shifts could indicate propagation of signals from one 
segment to another, they also may result from differences in conduction time from a 
common input to different segments, and still represent neural synchrony due to the short 
time scale. If we were to see a longitudinal standing wave of synchronous activation of 
spinal multiunit activity within the cord, we would anticipate little to no phase difference 
for any coherent frequencies.  
While a nonlinear modular organization of activation has not, to our knowledge, 
been demonstrated in spinal interneuronal systems, the progression of activation through 
motor pools has recently been described in this fashion in humans and cats 
102,275
. The 
center of activation is seen to rapidly shift from mid lumbar segments during flexion 
(~30% of a step cycle, caudal L4-rostral L6) to caudal lumbar segments during extension 
(~50% of a step cycle, caudal L5 – rostral S1) in a span of 10% of the step cycle. If this 
shift of activation was present within the low frequency band for the population of spinal 
interneurons from which we recorded, we would expect to see little to no phase 
difference in MUA from L3 to L5 and then a very large phase difference of 
approximately 3.1 radians between L3 and L6 as well as L3 and L7.  
For any of these proposed modes of progression of the neural activation along the 
lumbar cord, it is important to define a specified time scale for phenomena like “shifts in 
activity” and “synchrony”. Neural conduction velocity within the spinal cord typically 
ranges from approximately 20-60 m/s. For a 35mm span of the lumbar enlargement, this 
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translates to between 0.6-2 ms for a single monosynaptic connection between neurons of 
L3 and L7. In contrast to these very short time scales of neural transmission, the duration 
of the rhythmic movements discussed here such as scratch, swimming and locomotion 
range from 0.5-4 Hz, which equates to a period of 250-2000 ms per rhythmic cycle. This 
time scale is 2-4 orders of magnitude greater than synaptic transmission. For the scope of 
this project, we are defining synchrony on the time scale of neural transmission through a 
few synapses on the order of tens of ms within ~1000 ms per step. In addition to 
changing differently across subjects, our phase differences between segments are very 
low and we attribute them to neural transmission delays involving very few synapses 
along the rostrocaudal spinal cord. We believe that a small time difference between MUA 
activation along the cord is in fact an indication of synchrony of distributed spinal 
interneurons on the biological time scale of stepping, indicative of a longitudinal standing 
wave of activation.   
 
3.5.3 Spinal Interneurons and the Central Pattern Generator  
 
In the cortex, scientists have attributed different frequency bands of neural 
activation to different functions. The theta band (4-10 Hz) waves in the hippocampus and 
cortex are thought to function as temporal organizers encoding and retrieving spatial 
memories, while the higher frequency gamma band (20-80 Hz) waves are seen as a 
synchronizing mechanism, locking spatially distributed regions to encode the same 
behavior 
352
. In the same manner that cortical rhythms at different frequency bands 
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possess distinct functions, frequency bands in spinal MUA could be responsible for 
different aspects of locomotion. We propose that the low frequency (0.25 – 3Hz) waves 
in the spinal cord behave similarly to models of the pattern formation level responsible 
for the control of muscle activation while the higher frequency band (6-10 Hz) may 
represent the rhythm generator level responsible for setting the rhythmic pace and 
synchronizing the input to distributed pattern formation interneuronal populations. 
We based this hypothesis on the observation that the multiunit power of the high 
frequency band (6-45Hz) decreases in a rostrocaudal gradient from L3, closely following 
other results showing a decreasing rhythmogenic potential for increasing lumbar 
segments 
45,53,54
. These studies, based on lesioning of vital lumbar segments, attribute L3-
L5 as those segments responsible for rhythmic generation of the hindlimbs and therefore 
the location of the rhythm generating centers in the spinal cord. Additionally, the 
multiunit power during flexion is greater than the power during extension for all lumbar 
segments within this frequency band. This supports the hypothesis of a flexor dominated 
asymmetric rhythm generator 
79
.  For these reasons, we hypothesize that the high 
frequency multiunit activity may participate in spinal rhythm generation.  
Further evidence that the spinal rhythm generator operates at a higher frequency 
comes from clonus, a behavior often seen in spinal injured systems 
353,354
. The 6-8 Hz 
tremor in cats 
355,356
 could be a representation of the inherent rhythmic frequency of the 
spinal cord that is revealed following disinhibition from supraspinal influences in the 
injured state 
354
.  
 While the line between “participation in” and “relationship to” the pattern 
formation level of the 2-level CPG model is difficult to distinguish, we would like to 
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point out the relationship between the behavior of the low frequency components of the 
multiunit activity and the pattern formation level of the 2 level central pattern generator 
model.  First, the low frequency multiunit signal includes the frequency of stepping in the 
cat of which the pattern formation level is thought to encode for. Second, the caudal shift 
in power from the higher frequency rhythm generating centers focused in L3 toward the 
lower frequency peak power at L4 may suggest a systematic progression from rhythmic 
input toward the pattern formation level’s output of the motor pools of hindlimb muscles 
in L5-S1 
100
. Furthermore, a synchronous activation of the low frequency multiunit 
activity in the form of a longitudinal standing wave that is distinct from the standing 
wave of the rhythm generating networks may provide evidence of an integration of 
function within spatially distributed pattern formation networks. 
 While our analytical techniques cannot resolve the frequencies of multiunit 
activity lower than 7 Hz during each phase of stepping, results from our first specific aim 
allow us to shed some light on the low frequency behavior of spinal interneurons. In our 
second chapter, we showed that spinal interneurons consistently formed two distinct 
ensembles that were tuned to opposing phases of stepping. These ensembles exhibited 
high power at the frequency of stepping and their 1:1 alternation in activity matches the 
1:1 alternation of activity seen in the pattern formation level of the central pattern 
generator. Altogether, results from the spectral analysis of multiunit activity provide a 
unique set of observations, previously unseen in-vivo in the mature, behaving system. 
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Figure 18: MUA envelope and EMG activity. Top panel: Two examples of averaged 
MUA per electrode array in L7 (grey) and L3 (teal). Bottom Panel: Corresponding 
extensor (blue) and flexor (green) EMG activity. Black vertical bars indicate extension 
onset. 
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Figure 20: Multiunit power spectra during stepping in L3 per subject. Example power 
spectra per subject show distinct peaks in power from 0.5-3 Hz and from 6-10 Hz. These 
peaks were not seen in multiunit power spectra during rest. 
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Figure 22: Two examples of power spectra of multiunit signals during flexion and 
extension in different lumbar segments. These are the same data as seen in the left and 
center panels of figure 19. Estimates are trial averaged over muscle bursts and 64 
channels per array. Estimates include 95% confidence interval of Jackknife variance. 
Colored bars along the x-axis indicate sections of statistically significant differences in 
power spectra as determined by the two group test and Benjamini-Hochberg test of 
multiple comparisons. Spectra are smoothed with a 3 point moving average filter for 
visualization. 
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Figure 23: Comparisons between the multiunit power spectral density during flexion and 
extension for air stepping trials. Top panel: Rows are ordered according to the lumbar 
segment from which they were recorded. One row in L3 and one row in L7 are the results 
presented in figure 22 as the horizontal bar along the x-axis. Pink bars represent 
frequencies where the multiunit power during extension was significantly greater than 
during flexion. Blue bars represent frequencies where the multiunit power during flexion 
is greater than during extension. Grey areas represent frequencies where there is no 
significant difference between flexion and extension. Bottom panel: Summed count of the 
top panel rows representing counts of the stepping phase with the larger MUA as a 
function of frequency. MUA power during flexion is significantly larger than during 
extension (two sample t-test, p<0.01). 
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Figure 24: Comparisons between the multiunit power spectral density during flexion and 
extension for air stepping trials for each subject. Information is the same as in the top 
panel of figure 23 but for each individual subject. Again MUA power during flexion is 
greater than MUA power during extension. 
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Figure 26: Histogram of significantly coherent frequencies: Count of significant 
frequencies across all subjects and rostrocaudal segment separation. Rostrocaudal 
separation from L3 increases from the top to the bottom plot, i.e. L3 to L4, L3 to L5, etc. 
We observed 3 peaks in the histogram, most apparent for the L3-L6 separation: 0.25-2Hz, 
2-5 Hz and 5-9 Hz. 
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Table 5: Cases of Significant Power Difference (>4 Hz bandwidth) Between MUA during 
Extension and MUA during Flexion 
 
Subject Total Comparisons 
(electrode array x 
frequencies) 
Flexion > Extension 
(%) 
Extension > 
Flexion (%) 
Equal 
(%) 
1 860 343 (39%) 20 (2%) 497 
(56%) 
2 516 276 (52%) 18 (3%) 222 
(42%) 
3 602 122 (20%) 6 (1%) 474 
(77%) 
4 516 114 (21%) 18 (3%) 384 
(73%) 
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Chapter 4: Discussion 
 
4.1 Summary of Findings and Interpretations 
 
4.1.1 Specific Aim 1: Characterize spinal interneuron activity and location 
during locomotion 
 
Our first specific aim explored the lumbar spinal circuitry’s role in the control of 
locomotion by analyzing the relations between the discrete spike times of single and 
multiunits and muscle activity during air-stepping. Our study focused on the lumbar 
spinal cord from L3-L7 roughly spanning lamina V-VII and midway between the central 
canal and the lateral aspect of the right side of the spinal cord.  We focused on three main 
avenues to address our first specific aim:  
 
1) Characterize the firing behavior of spinal interneurons during stepping.  
 
Based upon previous findings from single unit recordings in the lumbar 
intermediate zone, we hypothesized that interneuronal activity of the intermediate zone 
and ventral horn of the lumbar cord would display significant unimodal tuning during 
swing and the transition to stance
29,58
. We found that a large proportion (~45%) of the 
interneurons were significantly tuned to the locomotor step cycle (table 3). Additionally, 
many of these cells were tuned to either flexion or extension, with both phases of the step 
cycle represented in the tuned population (figure 6). 
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Our hypothesis that the rhythmic spinal interneurons would be tuned to swing and 
the transition to stance was generally correct as together, all unimodally tuned neurons 
had a preferred phase around 6.1 radians. Additionally, we were able to further conclude 
that interneurons are tuned to both phases of stepping by associating the EMG activity of 
the hindlimbs to the neural firing of the single units and showing that the absence of 
neurons tuned to the middle of the step cycle is reflective of the absence of muscle 
activation on the transition from stance to swing. 
 
2) Isolate neural ensembles during locomotion and determine their relation to 
stepping.  
 
Based upon results from the previous section, we hypothesized that spinal 
interneurons of the intermediate and ventral horn would group into ensembles associated 
with opposing locomotor phases. Additionally, we hypothesized that neural ensembles 
would provide a better description of the motor output than the activation patterns of 
single spinal interneurons alone or the entirety of all simultaneously recorded spinal 
neurons together.  
Our hypothesis was supported by the consistent clustering of our spinal 
interneurons into two ensembles correlated to opposing phases of the step cycle (figure 8, 
11). These ensembles were present across all lumbar segments. Additionally, the 
ensembles had a significantly greater correlation to hindlimb muscles than the entire 
multiunit population or single units alone (figure 16). 
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3) Determine if there is spatial segregation of spinal interneuron populations tuned to 
opposing phases of the step cycle within the lumbar enlargement.  
 
Based upon previous findings in our lab as well as evidence from other studies 
29
, 
we hypothesized that spinal interneurons tuned to opposing phases would not display 
distinct spatial organizations within the lumbar cord.  
Our hypothesis was supported when two measures quantifying firing 
characteristics of single neurons were found to have no relation to rostrocaudal or 
dorsoventral location (table 4). Additionally, we found no relationship between ensemble 
membership and rostrocaudal location.  
 
We interpret these results to indicate that the spinal cord circuitry of lamina V-VII 
from L3-L7 is made up of spatially intermixed networks of interneurons that behave in a 
reciprocal fashion to integrate sensory-motor information in relation to opposing phases 
of the step cycle.  
 
4.1.2 Specific Aim 2: Characterize spinal interneuron multiunit activity 
during locomotion 
 
Our second approach to studying the lumbar spinal circuitry was to analyze the 
power spectral content of the envelope of the continuous multiunit signal in relation to its 
spinal location and muscle burst onset and offset times. We focused on three avenues to 
address our second specific aim: 
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1) Compare the relative multiunit power of each lumbar segment during stepping. 
Based upon established findings from lesioning studies showing that segments 
L3-L5 are mainly responsible for rhythmic generation in the cat 
45,53
, we hypothesized 
that the lumbar segments L3-L5 would exhibit the greatest relative multiunit power. 
Our results were supportive of previous studies of spinal rhythmic generation 
centers in the cat as we found more multiunit power in midlumbar segments L3-L5 
during stepping (figure 21). 
 
2) Characterize differences in the power of the multiunit activity during the flexion 
and extension phases of stepping.  
Based upon single unit results from our first specific aim that showed both flexor 
and extensor correlated ensembles, we hypothesized that the power of the multiunit 
activity during extension would not be different than the power of multiunit activity 
during flexion.  
Contrary to our hypothesis of equal multiunit power during flexion and extension, 
we found significantly greater multiunit power during the flexion phase of stepping than 
the extension phase of stepping in all lumbar segments (figures 19, 22-24). Greater power 
during flexion is reminiscent of previously reported asymmetries between flexor and 
extensor related population activity of the spinal rhythm generating networks
23,79
.  
 
3) Determine the progression of neural activation along the lumbar cord in lamina V-
VII during stepping 
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  Based upon previous evidence from our lab that measured activation patterns 
across the lumbar spinal cord from segmental population recordings obtained over 
multiple trials 
30
, we hypothesized that the spinal cord interneuronal networks would be 
activated in a longitudinal standing wave along the lumbar enlargement.  
Our hypothesis was supported in that the multiunit power showed no phase lag at 
coherent frequencies throughout the lumbar enlargement (figures 25 and 27). A zero 
phase difference between segments indicated that the multiunit activity was 
synchronously active in a longitudinal standing wave fashion and could represent the 
distributed integration of neural locomotor information along the lumbar enlargement. 
 
These results indicate that the multiunit activity behaves similarly to the 
activation patterns within models of rhythmic generating networks responsible for 
stepping. These populations display caudally decreasing power, as seen in the rhythm 
generating capability of the lumbar cord. They also have greater power during flexion 
than extension across the lumbar enlargement which matches the asymmetry between the 
flexor and extensor half center components of the spinal rhythm generator in isolated 
spinal cord 
23
. Finally, the multiunit activity is synchronous at all segments acting as a 
longitudinal standing wave where synchrony of neural systems is seen as an integration 
of function across distributed areas throughout the central nervous system.  
In this study, results from both single unit and multiunit activity are unique and 
different from previous studies of the spinal control of rhythmic movement for a number 
of reasons; 1) all results are from the mature spinal cord which is a more clinically 
relevant model than that of the developing system, 2) all results include large populations 
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of simultaneously recorded cells which have been shown to have a greater relationship to 
behavioral coding than individual cells, 3) the simultaneous recordings across spatially 
distributed lumbar segments allows for the analysis of synchronously active networks 
known in neuroscience to represent the distributed integration of information, 4) all 
results are from a fully spinally transected model with no input from supraspinal 
structures allowing for the study of the isolated rhythm generating systems, 5) all results 
are from an actual behaving system and include the muscle activation of the hindlimbs. 
Muscle activation recordings give a more detailed representation of the spinal system 
output than recordings from a ventral root and 6) the system maintains sensory afferent 
input from the hindlimbs back into the spinal cord which creates a more clinically 
relevant  model of the locomotor networks after spinal cord injury than systems without 
afferent feedback. Taken together, these reasons show that the in-vivo recording of 
populations of interneurons in the behaving, mature spinal cord during air-stepping is a 
highly unique and important model in the study of the spinal control of movement. 
 
4.2 Model Limitations 
 
Air-stepping has been shown to be a reliable model for the study of the neural 
control of locomotion with many similarities to both fictive and treadmill locomotion 
including stable inter and intralimb coordination at low stepping frequencies and 
comparable cycle durations 
142
. Unlike treadmill locomotion, however, air-stepping 
provides no afferent force feedback from ground contact which could alter the behavior 
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of the central pattern generator. Giuliani & Smith 1985 hypothesize that air-stepping 
provides a better description of the “natural” output of the spinal rhythm generator 142, 
however in an in-vitro ventral up condition in the neonatal rat, Hayes et al 2009 
hypothesize that a lack of sensory feedback results in flexor dominance as seen in fictive 
locomotion studies 
348
 which highlights the importance of maintaining the appropriate 
sensory feedback for natural spinal rhythmic control 
357
. Control studies to account for 
these discrepancies are discussed in the future directions section. 
Extracellular recording procedures in the adult spinal cord offer limited 
capabilities to specifically identify the interneuronal cell types recorded. Genetic 
identification of spinal interneurons allow for greater characterization between cell type, 
firing pattern, and their relation to left-right alternation, flexor-extensor alternation and 
the speed of rhythmic behavior 
60,84,92,316,358-361
. While we do take steps to exclude motor 
neurons from our analysis, our recordings take place in the mature spinal cord where 
techniques in genetic neural identification have yet to be developed.  
We also recognize that there are many spinal networks that are related to both 
sensory and motor aspects of stepping without participating in the direct drive to motor 
pools, i.e. premotor populations. While these populations have been shown to be vastly 
distributed throughout the lumbar cord 
59
, lack of cellular identification again prevents us 
from making any definitive claims about our interneurons being the premotor 
interneurons of the pattern formation level. Further exploration of neural response in 
reflex pathways and sensory systems could provide more detailed information regarding 
the function of the spinal interneurons from which we are recording. 
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Related to our inability to identify our interneuronal cell types, the use of 
multiunit activity decreases our signal-to-noise ratio of activity from the specific 
populations of which we are interested. The continuous multiunit signal contains activity 
from cells related to the control of locomotion (the “signal”) as well as the activity from 
cells related to other spinal systems such as the sensation of pain, temperature and other 
sensory modalities that are of less interest in our study (the “noise”) 322. The noise signals 
therefore can impact our findings and future studies may involve greater controls related 
to the noise signals in order to account for only the locomotor systems of interest.  
 
4.3 Future Directions 
 
 Further exploration of the current dataset could expand upon the inferences that 
we make about the function and organization of the locomotor central pattern generator. 
First, we could get a better idea of the sensory component of the single units we recorded 
by analyzing their reaction times to control trials of passive manipulation of the 
hindlimbs or flexor withdrawal reflex trials. This would allow us to include sensory 
responses and compare them to responses during rhythmic motor behavior. This analysis 
would allow us to compare our work to earlier studies based upon reflex circuitry and 
peripheral afferents 
116,210,239
.  
 Second, we could strengthen our comparisons between the neural activity from 
this study and the models of the central pattern generator by searching the data for 
evidence of deletions. Our dataset could be used to analyze the activity of spinal 
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interneurons during deletions, i.e. instances where motor neuron activity disappears 
during rhythmic behavior 
26,362,363
, and this information could provide clues about the 
function and location of interneuronal populations involved in the central pattern 
generator. 
 Third, spino-muscular coherence measures between the multiunit activity and the 
muscle activity could provide more insight into the peaks of the multiunit activity power 
in the low and high frequency bands found in this study. Additionally, power spectral 
analysis of the coherence and phase between ensembles could provide more specific 
frequency information between coherent ensembles as well as infer more detailed timing 
relationships between neurons during stepping.  
 Fourth, both the discrete spike times and continuous multiunit signals could be 
analyzed by causality measures such as transfer entropy, directed information and 
granger causality for a more detailed explanation of activation patterns and information 
on the direct relationships between the spinal interneurons of the lumbar cord.  
Finally, comparisons between this spinal transection model to spinal intact 
stepping models would provide vital information regarding the modulation and input 
from supraspinal structures to the spinal networks controlling locomotion. Additionally, 
comparisons between the spinal air-stepping model and spinal overground locomotion 
models would provide clues about the effect of ground force reactions upon spinal 
locomotor circuitry. 
  
169 
 
References 
 
1. Cripps R, Lee B, Wing P, Weerts E, Mackay J, Brown D. A global map for 
traumatic spinal cord injury epidemiology: towards a living data repository for injury 
prevention. Spinal Cord 2011;49:493-501. 
2. Hicks AL, Ginis KAM. Treadmill training after spinal cord injury: it's not just 
about the walking. Journal of Rehabilitation Research & Development 2008;45. 
3. Bunge MB. Bridging the transected or contused adult rat spinal cord with 
Schwann cell and olfactory ensheathing glia transplants. Progress in Brain Research 
2002;137:275-82. 
4. Cheng H, Cao Y, Olson L. Spinal cord repair in adult paraplegic rats: partial 
restoration of hind limb function. Science 1996;273:510. 
5. Coumans JV, Lin TTS, Dai HN, et al. Axonal regeneration and functional 
recovery after complete spinal cord transection in rats by delayed treatment with 
transplants and neurotrophins. The Journal of Neuroscience 2001;21:9334. 
6. Houle JD, Tom VJ, Mayes D, Wagoner G, Phillips N, Silver J. Combining an 
autologous peripheral nervous system" bridge" and matrix modification by 
chondroitinase allows robust, functional regeneration beyond a hemisection lesion of the 
adult rat spinal cord. The Journal of Neuroscience 2006;26:7405. 
7. Tom VJ, Sandrow-Feinberg HR, Miller K, et al. Combining Peripheral Nerve 
Grafts and Chondroitinase Promotes Functional Axonal Regeneration in the Chronically 
Injured Spinal Cord. J Neurosci 2009;29:14881-90. 
8. Barthelemy D, Leblond H, Rossignol S. Characteristics and Mechanisms of 
Locomotion Induced by Intraspinal Microstimulation and Dorsal Root Stimulation in 
Spinal Cats. J Neurophysiol 2007;97:1986-2000. 
9. Yakovenko S, Kowalczewski J, Prochazka A. Intraspinal Stimulation Caudal to 
Spinal Cord Transections in Rats. Testing the Propriospinal Hypothesis. J Neurophysiol 
2007;97:2570-4. 
10. Frigon A, Yakovenko S, Gritsenko V, Tremblay M-E, Barriere G. Strengthening 
Corticospinal Connections with Chronic Electrical Stimulation after Injury. J Neurosci 
2008;28:3262-3. 
11. Courtine G, Gerasimenko Y, van den Brand R, et al. Transformation of 
nonfunctional spinal circuits into functional states after the loss of brain input. Nat 
Neurosci 2009;12:1333-42. 
170 
 
12. Gerasimenko Y, Gorodnichev R, Machueva E, et al. Novel and Direct Access to 
the Human Locomotor Spinal Circuitry. J Neurosci 2010;30:3700-8. 
13. Gerasimenko YP, Ichiyama RM, Lavrov IA, et al. Epidural Spinal Cord 
Stimulation Plus Quipazine Administration Enable Stepping in Complete Spinal Adult 
Rats. J Neurophysiol 2007;98:2525-36. 
14. Gerasimenko Y, Roy RR, Edgerton VR. Epidural stimulation: Comparison of the 
spinal circuits that generate and control locomotion in rats, cats and humans. 
Experimental Neurology 2008;209:417-25. 
15. Harkema S, Gerasimenko Y, Hodes J, et al. Effect of epidural stimulation of the 
lumbosacral spinal cord on voluntary movement, standing, and assisted stepping after 
motor complete paraplegia: a case study. The Lancet 2011. 
16. Angeli CA, Edgerton VR, Gerasimenko YP, Harkema SJ. Altering spinal cord 
excitability enables voluntary movements after chronic complete paralysis in humans. 
Brain 2014;137:1394-409. 
17. Sayenko DG, Angeli CA, Harkema SJ, Edgerton VR, Gerasimenko YP. 
Neuromodulation of evoked muscle potentials induced by epidural spinal cord 
stimulation in paralyzed individuals. Journal of Neurophysiology 2013. 
18. Gad P, Lavrov I, Shah P, et al. Neuromodulation of motor-evoked potentials 
during stepping in spinal rats. Journal of Neurophysiology 2013;110:1311-22. 
19. Brown TG. The Intrinsic Factors in the Act of Progression in the Mammal. 
Proceedings of the Royal Society of London Series B, Containing Papers of a Biological 
Character 1911;84:308-19. 
20. Grillner S. Control of locomotion in bipeds, tetrapods and fish. In: Brookhardt J, 
Mountcastle V, eds. Handbook of physiology Bethesda, MD: American Physiological 
Society; 1981:1179-236. 
21. Brown TG. On the nature of the fundamental activity of the nervous sentres: 
Together with an analysis of the conditioning of the rhythmic activity in progression, and 
a theory of the evolution of function in the nervous system. Journal of Physiology 
1914;48:18-46. 
22. McCrea DA, Rybak IA. Organization of mammalian locomotor rhythm and 
pattern generation. Brain Research Reviews 2008;57:134-46. 
23. Zhong G, Shevtsova NA, Rybak IA, Harris‐Warrick RM. Neuronal activity in the 
isolated mouse spinal cord during spontaneous deletions in fictive locomotion: insights 
into locomotor central pattern generator organization. The Journal of Physiology 
2012;590:4735-59. 
171 
 
24. Burke RE, Degtyarenko AM, Simon ES. Patterns of Locomotor Drive to 
Motoneurons and Last-Order Interneurons: Clues to the Structure of the CPG. J 
Neurophysiol 2001;86:447-62. 
25. Kriellaars DJ, Brownstone RM, Noga BR, Jordan LM. Mechanical entrainment of 
fictive locomotion in the decerebrate cat. J Neurophysiol 1994;71:2074-86. 
26. Lafreniere-Roula M, McCrea DA. Deletions of Rhythmic Motoneuron Activity 
During Fictive Locomotion and Scratch Provide Clues to the Organization of the 
Mammalian Central Pattern Generator. J Neurophysiol 2005;94:1120-32. 
27. Tripodi M, Stepien AE, Arber S. Motor antagonism exposed by spatial 
segregation and timing of neurogenesis. Nature 2011;479:61-6. 
28. Butt SJB, Harris-Warrick RM, Kiehn O. Firing Properties of Identified 
Interneuron Populations in the Mammalian Hindlimb Central Pattern Generator. J 
Neurosci 2002;22:9961-71. 
29. AuYong N, Ollivier-Lanvin K, Lemay MA. Preferred locomotor phase of activity 
of lumbar interneurons during air-stepping in subchronic spinal cats. Journal of 
Neurophysiology 2011;105:1011-22. 
30. AuYong N, Ollivier-Lanvin K, Lemay MA. Population spatiotemporal dynamics 
of spinal intermediate zone interneurons during air-stepping in adult spinal cats. Journal 
of Neurophysiology 2011;106:1943-53. 
31. Antri M, Mellen N, Cazalets J-R. Functional Organization of Locomotor 
Interneurons in the Ventral Lumbar Spinal Cord of the Newborn Rat. PLoS One 
2011;6:e20529. 
32. Cuellar CA, Tapia JA, Juarez V, et al. Propagation of Sinusoidal Electrical Waves 
along the Spinal Cord during a Fictive Motor Task. J Neurosci 2009;29:798-810. 
33. Perez T, Tapia JA, Mirasso CR, et al. An Intersegmental Neuronal Architecture 
for Spinal Wave Propagation under Deletions. The Journal of Neuroscience 
2009;29:10254-63. 
34. Williams TL, Sigvardt KA, Kopell N, Ermentrout GB, Remler MP. Forcing of 
coupled nonlinear oscillators: studies of intersegmental coordination in the lamprey 
locomotor central pattern generator. J Neurophysiol 1990;64:862-71. 
35. Cohen AH. Effects of oscillator frequency on phase-locking in the lamprey 
central pattern generator. Journal of Neuroscience Methods 1987;21:113-25. 
36. Miller WL, Sigvardt KA. Extent and role of multisegmental coupling in the 
lamprey spinal locomotor pattern generator. Journal of Neurophysiology 2000;83:465. 
172 
 
37. Chávez D, Rodríguez E, Jiménez I, Rudomin P. Changes in correlation between 
spontaneous activity of dorsal horn neurones lead to differential recruitment of inhibitory 
pathways in the cat spinal cord. The Journal of Physiology 2012;590:1563-84. 
38. Bizzi E, d’Avella A, Saltiel P, Tresch M. Book Review: Modular Organization of 
Spinal Motor Systems. The Neuroscientist 2002;8:437. 
39. Giszter S, Hart C, Silfies S. Spinal cord modularity: evolution, development, and 
optimization and the possible relevance to low back pain in man. Experimental Brain 
Research 2010;200:283-306. 
40. Hart CB, Giszter SF. Modular premotor drives and unit bursts as primitives for 
frog motor behaviors. The Journal of Neuroscience 2004;24:5269-82. 
41. Cappellini G, Ivanenko Y, Dominici N, Poppele R, Lacquaniti F. Migration of 
motor pool activity in the spinal cord reflects body mechanics in human locomotion. 
Journal of Neurophysiology 2010. 
42. Kjaerulff O, Kiehn O. Distribution of Networks Generating and Coordinating 
Locomotor Activity in the Neonatal Rat Spinal Cord In Vitro: A Lesion Study. J 
Neurosci 1996;16:5777-94. 
43. Butt SJB, Lebret JM, Kiehn O. Organization of left-right coordination in the 
mammalian locomotor network. Brain Research Reviews 2002;40:107-17. 
44. Edgley SA, Jankowska E, Shefchyk S. Evidence that mid-lumbar neurones in 
reflex pathways from group II afferents are involved in locomotion in the cat. The 
Journal of Physiology 1988;403:57-71. 
45. Langlet C, Leblond H, Rossignol S. Mid-Lumbar Segments Are Needed for the 
Expression of Locomotion in Chronic Spinal Cats. J Neurophysiol 2005;93:2474-88. 
46. MacLean JN, Hochman S, Magnuson DSK. Lamina VII neurons are rhythmically 
active during locomotor-like activity in the neonatal rat spinal cord. Neuroscience Letters 
1995;197:9-12. 
47. Norton JA, Mushahwar VK. Afferent inputs to mid‐and lower‐lumbar spinal 
segments are necessary for stepping in spinal cats. Annals of the New York Academy of 
Sciences 2010;1198:10-20. 
48. Rossignol S, Buoyer L, Barthelemy D, Langlet C, Leblond H. Recovery of 
locomotion in the cat following spinal cord lesion: Review. Brain Research Reviews 
2002;40:257-66. 
49. Shefchyk S, McCrea D, Kriellaars D, Fortier P, Jordan L. Activity of interneurons 
within the L4 spinal segment of the cat during brainstem-evoked fictive locomotion. 
Experimental Brain Research 1990;80:290-5. 
173 
 
50. Kudo N, Yamada T. N-Methyl-d,l-aspartate-induced locomotor activity in a 
spinal cord-indlimb muscles preparation of the newborn rat studied in vitro. Neuroscience 
Letters 1987;75:43-8. 
51. Cazalets J, Borde M, Clarac F. Localization and organization of the central 
pattern generator for hindlimb locomotion in newborn rat. J Neurosci 1995;15:4943-51. 
52. Cowley KC, Schmidt BJ. Regional Distribution of the Locomotor Pattern-
Generating Network in the Neonatal Rat Spinal Cord. J Neurophysiol 1997;77:247-59. 
53. Deliagina TG, Orlovsky GN, Pavlova GA. The Capacity for generation of 
rhythmic oscillations is distributed in the lumbosacral spinal cord of the cat. 
Experimental Brain Research 1983;53:81-90. 
54. Grillner S, Zangger P. On the central generation of locomotion in the low spinal 
cat. Experimental Brain Research 1979;34:241-61. 
55. Buzsaki G. Large-scale recording of neuronal ensembles. Nat Neurosci 
2004;7:446-51. 
56. Buzsáki G. Neural syntax: Cell assemblies, synapsembles, and readers. Neuron 
2010;68:362-85. 
57. ZHONG G, Shevtsova N, Rybak I, Harris-Warrick R. Neuronal activity in the 
isolated mouse spinal cord during spontaneous deletions in fictive locomotion: Insights 
into locomotor CPG organization. The Journal of Physiology 2012. 
58. Kwan AC, Dietz SB, Zhong G, Harris-Warrick RM, Webb WW. Spatiotemporal 
Dynamics of Rhythmic Spinal Interneurons Measured With Two-Photon Calcium 
Imaging and Coherence Analysis. Journal of Neurophysiology 2010;104:3323-33. 
59. Levine AJ, Hinckley CA, Hilde KL, et al. Identification of a cellular node for 
motor control pathways. Nature Neuroscience 2014;17:586-93. 
60. Zhong G, Droho S, Crone S, et al. Electrophysiological characterization of V2a 
interneurons and their locomotor-related activity in the neonatal mouse spinal cord. 
Journal of Neuroscience 2010;30:170. 
61. Orlovskii G, Fel'dman AG. Classification of lumbosacral neurons by their 
discharge pattern during evoked locomotion. Neurophysiology 1972;4:311-7. 
62. Butt SJ, Lundfald L, Kiehn O. EphA4 defines a class of excitatory locomotor-
related interneurons. Proceedings of the National Academy of Sciences of the United 
States of America 2005;102:14098-103. 
63. Butt SJB, Kiehn O. Functional Identification of Interneurons Responsible for 
Left-Right Coordination of Hindlimbs in Mammals. Neuron 2003;38:953-63. 
174 
 
64. Kiehn O, Butt SJB. Physiological, anatomical and genetic identification of CPG 
neurons in the developing mammalian spinal cord. Progress in Neurobiology 
2003;70:347-61. 
65. Tresch M, Saltiel P, d'Avella A, Bizzi E. Coordination and localization in spinal 
motor systems. Brain Research Reviews 2002;40:66-79. 
66. Buzsáki G. Rhythms of the Brain. In: Nature Publishing Group, a division of 
Macmillan Publishers Limited. All Rights Reserved.; 2006. 
67. Harris KD, Csicsvari J, Hirase H, Dragoi G, Buzsaki G. Organization of cell 
assemblies in the hippocampus. Nature 2003;424:552-6. 
68. Buzsáki G, Chrobak JJ. Temporal structure in spatially organized neuronal 
ensembles: a role for interneuronal networks. Current Opinion in Neurobiology 
1995;5:504-10. 
69. Zanos TP, Courellis SH, Berger TW, Hampson RE, Deadwyler SA, Marmarelis 
VZ. Nonlinear modeling of causal interrelationships in neuronal ensembles. Neural 
Systems and Rehabilitation Engineering, IEEE Transactions on 2008;16:336-52. 
70. Deadwyler SA, Hampson RE. THE SIGNIFICANCE OF NEURAL ENSEMBLE 
CODES DURING BEHAVIOR AND COGNITION. Annual Review of Neuroscience 
1997;20:217-44. 
71. Deadwyler SA, Bunn T, Hampson RE. Hippocampal ensemble activity during 
spatial delayed-nonmatch-to-sample performance in rats. The Journal of Neuroscience 
1996;16:354. 
72. Deadwyler SA, Hampson RE. Ensemble activity and behavior: What's the code? 
Science 1995;270:1316-8. 
73. Lewis CM, Lazar AE. Orienting Towards Ensembles: From Single Cells to 
Neural Populations. The Journal of Neuroscience 2013;33:2-3. 
74. Feierstein CE, Mainen ZF. Listening to the Crowd: Neuronal Ensembles Rule. 
Neuron 2010;66:334-6. 
75. Hinckley CA, Pfaff SL. Imaging spinal neuron ensembles active during 
locomotion with genetically encoded calcium indicators. Annals of the New York 
Academy of Sciences 2013;1279:71-9. 
76. Hinckley C, Hartley R, Wu L, Todd A, Ziskind-Conhaim L. Locomotor-like 
rhythms in a genetically distinct cluster of interneurons in the mammalian spinal cord. 
Journal of Neurophysiology 2005;93:1439. 
175 
 
77. Lima SQ, Hromádka T, Znamenskiy P, Zador AM. PINP: a new method of 
tagging neuronal populations for identification during in vivo electrophysiological 
recording. PLoS One 2009;4:e6099. 
78. Logothetis NK. The Underpinnings of the BOLD Functional Magnetic Resonance 
Imaging Signal. The Journal of Neuroscience 2003;23:3963-71. 
79. Pearson K, Duysens J. Function of segmental reflexes in the control of stepping in 
cockroaches and cats. Neural control of locomotion 1976;18:519-38. 
80. Rexed B. The cytoarchitectonic organization of the spinal cord in the cat. Journal 
of Comparative Neurology 1952;96:415-95. 
81. Kandel ER, Schwartz JH, Jessell TM. Principles of Neural Science. 4 ed; 2000. 
82. Zagoraiou L, Akay T, Martin J, Brownstone R, Jessell T, Miles G. A cluster of 
cholinergic premotor interneurons modulates mouse locomotor activity. Neuron 
2009;64:645-62. 
83. Nishimaru H, Restrepo C, Kiehn O. Activity of Renshaw cells during locomotor-
like rhythmic activity in the isolated spinal cord of neonatal mice. Journal of 
Neuroscience 2006;26:5320. 
84. Dougherty K, Kiehn O. Firing and cellular properties of V2a interneurons in the 
rodent spinal cord. Journal of Neuroscience 2010;30:24. 
85. Lanuza G, Gosgnach S, Pierani A, Jessell T, Goulding M. Genetic identification 
of spinal interneurons that coordinate left-right locomotor activity necessary for walking 
movements. Neuron 2004;42:375-86. 
86. Borowska J, Jones CT, Zhang H, Blacklaws J, Goulding M, Zhang Y. Functional 
Subpopulations of V3 Interneurons in the Mature Mouse Spinal Cord. The Journal of 
Neuroscience 2013;33:18553-65. 
87. Zhang Y, Narayan S, Geiman E, et al. V3 Spinal Neurons Establish a Robust and 
Balanced Locomotor Rhythm during Walking. Neuron 2008;60:84-96. 
88. Wilson J, Cowan A, Brownstone R. Heterogeneous electrotonic coupling and 
synchronization of rhythmic bursting activity in mouse Hb9 interneurons. Journal of 
Neurophysiology 2007;98:2370. 
89. Gosgnach S, Lanuza GM, Butt SJB, et al. V1 spinal neurons regulate the speed of 
vertebrate locomotor outputs. Nature 2006;440:215-9. 
90. Goulding M. Circuits controlling vertebrate locomotion: moving in a new 
direction. Nature Reviews Neuroscience 2009;10:507-18. 
176 
 
91. Kiehn O. Development and functional organization of spinal locomotor circuits. 
Current Opinion in Neurobiology 2011;21:100-9. 
92. Crone SA, Quinlan KA, Zagoraiou L, et al. Genetic ablation of V2a ipsilateral 
interneurons disrupts left-right locomotor coordination in mammalian spinal cord. 
Neuron 2008;60:70-83. 
93. Lloyd DPC. Functional organization of the spinal cord. Physiological Reviews 
1944;24:1. 
94. Ho S, O'Donovan M. Regionalization and intersegmental coordination of rhythm-
generating networks in the spinal cord of the chick embryo. J Neurosci 1993;13:1354-71. 
95. Grillner S, Matsushima T. The neural network underlying locomotion in lamprey-
synaptic and cellular mechanisms. Neuron 1991;7:1-15. 
96. Scheibel M, Scheibel A. Spinal motoneurons, interneurons and Renshaw cells. A 
Golgi study. Arch Ital Biol 1966;104:328-53. 
97. Rexed B. A cytoarchitectonic atlas of the spinal cord in the cat. The Journal of 
Comparative Neurology 1954;100:297-379. 
98. Brown AG. Organization in the Spinal Cord: The Anatomy and Physiology of 
Identified Neurones. Berlin Heidelberg New York: Springer-Verlag; 1981. 
99. Wall P. The laminar organization of dorsal horn and effects of descending 
impulses. The Journal of Physiology 1967;188:403. 
100. Vanderhorst VGJM, Holstege G. Organization of lumbosacral motoneuronal cell 
groups innervating hindlimb, pelvic floor, and axial muscles in the cat. The Journal of 
Comparative Neurology 1997;382:46-76. 
101. Mushahwar V, Horch K. Selective activation of muscle groups in the feline 
hindlimb through electrical microstimulation of the ventral lumbo-sacral spinal cord. 
Rehabilitation Engineering, IEEE Transactions on 2002;8:11-21. 
102. Yakovenko S, Mushahwar V, VanderHorst V, Holstege G, Prochazka A. 
Spatiotemporal activation of lumbosacral motoneurons in the locomotor step cycle. 
Journal of Neurophysiology 2002;87:1542. 
103. Loeb G, Hoffer J. Activity of spindle afferents from cat anterior thigh muscles. II. 
Effects of fusimotor blockade. Journal of Neurophysiology 1985;54:565. 
104. Perret C, Cabelguen J-M. Main characteristics of the hindlimb locomotor cycle in 
the decorticate cat with special reference to bifunctional muscles. Brain Research 
1980;187:333-52. 
177 
 
105. Prochazka A, Gillard D, Bennett DJ. Positive Force Feedback Control of Muscles. 
Journal of Neurophysiology 1997;77:3226-36. 
106. Eccles JC, Fatt P, Koketsu K. Cholinergic and inhibitory synapses in a pathway 
from motor-axon collaterals to motoneurones. The Journal of Physiology 1954;126:524. 
107. Jankowska E, Lindström S. Morphology of interneurones mediating Ia reciprocal 
inhibition of motoneurones in the spinal cord of the cat. The Journal of Physiology 
1972;226:805. 
108. Sprague J. The distribution of dorsal root fibres on motor cells in the lumbosacral 
spinal cord of the cat, and the site of excitatory and inhibitory terminals in monosynaptic 
pathways. Proceedings of the Royal Society of London Series B-Biological Sciences 
1958;149:534. 
109. Dai X, Noga BR, Douglas JR, Jordan LM. Localization of Spinal Neurons 
Activated During Locomotion Using the c-fos Immunohistochemical Method. J 
Neurophysiol 2005;93:3442-52. 
110. Scott S, Thomson D, Richmond F, Loeb G. Neuromuscular organization of feline 
anterior sartorius: II. Intramuscular length changes and complex length‐tension 
relationships during stimulation of individual nerve branches. Journal of Morphology 
1992;213:171-83. 
111. Chanaud C, Pratt C, Loeb G. Functionally complex muscles of the cat hindlimb. 
Experimental Brain Research 1991;85:300-13. 
112. Houk JC, Rymer WZ. Neural control of muscle length and tension. 
Comprehensive Physiology 2011. 
113. Kistemaker DA, Van Soest AJK, Wong JD, Kurtzer I, Gribble PL. Control of 
position and movement is simplified by combined muscle spindle and Golgi tendon organ 
feedback. Journal of Neurophysiology 2013;109:1126-39. 
114. Helms AW, Johnson JE. Specification of dorsal spinal cord interneurons. Current 
Opinion in Neurobiology 2003;13:42-9. 
115. Arber S. Motor circuits in action: specification, connectivity, and function. 
Neuron 2012;74:975-89. 
116. Jankowska E. Interneuronal relay in spinal pathways from proprioceptors. 
Progress in Neurobiology 1992;38:335-78. 
117. Brownstone RM, Bui TV. Spinal interneurons providing input to the final 
common path during locomotion. Progress in Brain Research 2010;187:81. 
178 
 
118. Jankowska E. Spinal interneuronal networks in the cat; elementary components. 
Brain Research Reviews 2008;57:46-55. 
119. Edgley S. Organisation of inputs to spinal interneurone populations. The Journal 
of Physiology 2001;533:51. 
120. Bélanger M, Drew T, Rossignol S. Spinal locomotion: a comparison of the 
kinematics and the electromyographic activity in the same animal before and after 
spinalization. Acta biologica Hungarica 1988;39:151. 
121. Atsuta Y, Garcia-Rill E, Skinner R. Electrically induced locomotion in the in vitro 
brainstem-spinal cord preparation. Developmental Brain Research 1988;42:309-12. 
122. Shik M. Recognizing propriospinal and reticulospinal systems of initiation of 
stepping. Motor Control 1997;1:310-3. 
123. Armstrong DM. The supraspinal control of mammalian locomotion. Journal of 
Physiology 1988;405:1-37. 
124. Douglas J, Noga B, Dai X, Jordan L. The effects of intrathecal administration of 
excitatory amino acid agonists and antagonists on the initiation of locomotion in the adult 
cat. J Neurosci 1993;13:990-1000. 
125. Jordan LM, Liu J, Hedlund PB, Akay T, Pearson KG. Descending command 
systems for the initiation of locomotion in mammals. Brain Research Reviews 
2008;57:183-91. 
126. Barbeau H, Rossignol S. Initiation and modulation of the locomotor pattern in the 
adult chronic spinal cat by noradrenergic, serotonergic and dopaminergic drugs. Brain 
Research 1991;546:250-60. 
127. Rossignol S, Chau C, Brustein E, et al. Pharmacological Activation and 
Modulation of the Central Pattern Generator for Locomotion in the Cata. Annals of the 
New York Academy of Sciences 1998;860:346-59. 
128. Marcoux J, Rossignol S. Initiating or Blocking Locomotion in Spinal Cats by 
Applying Noradrenergic Drugs to Restricted Lumbar Spinal Segments. J Neurosci 
2000;20:8577-85. 
129. Côté MP, Ménard A, Gossard JP. Spinal cats on the treadmill: changes in load 
pathways. The Journal of Neuroscience 2003;23:2789. 
130. Kiehn O, Quinlan K, Restrepo C, et al. Excitatory components of the mammalian 
locomotor CPG. Brain Research Reviews 2008;57:56-63. 
131. Kiehn O. Locomotor circuits in the mammalian spinal cord. Neuroscience 
2006;29:279. 
179 
 
132. Nishimaru H, Kudo N. Formation of the central pattern generator for locomotion 
in the rat and mouse. Brain Research Bulletin 2000;53:661-9. 
133. De Leon R, Tamaki H, Hodgson J, Roy R, Edgerton V. Hindlimb locomotor and 
postural training modulates glycinergic inhibition in the spinal cord of the adult spinal 
cat. Journal of Neurophysiology 1999;82:359. 
134. Tillakaratne NJK, de Leon RD, Hoang TX, Roy RR, Edgerton VR, Tobin AJ. 
Use-Dependent Modulation of Inhibitory Capacity in the Feline Lumbar Spinal Cord. J 
Neurosci 2002;22:3130-43. 
135. Cantoria MJ, See PA, Singh H, de Leon RD. Adaptations in Glutamate and 
Glycine Content within the Lumbar Spinal Cord Are Associated with the Generation of 
Novel Gait Patterns in Rats following Neonatal Spinal Cord Transection. The Journal of 
Neuroscience 2011;31:18598-605. 
136. Goslow GEJ, Reinking RM, Stuart DG. The cat step cycle: Hind limb joint angles 
and muscle lengths during unrestrained locomotion. Journal of Morphology 1973;141:1-
41. 
137. Alexander R. Optimization and gaits in the locomotion of vertebrates. 
Physiological Reviews 1989;69:1199. 
138. Engberg I, Lundberg A. An electromyographic analysis of muscular activity in 
the hindlimb of the cat during unrestrained locomotion. Acta Physiol Scand 1969;75:314-
630. 
139. Phillipson M. L'autonomie et la centralization dans le systeme nerveux des 
animaux. Trav Lab Physiol 1905;7:1-208. 
140. FORSSBERG H, GRILLNER S, HALBERTSMA J. The locomotion of the low 
spinal cat I. Coordination within a hindlimb. Acta Physiologica Scandinavica 
1980;108:269-81. 
141. Neptune R, Zajac F, Kautz S. Muscle force redistributes segmental power for 
body progression during walking. Gait & Posture 2004;19:194-205. 
142. Giuliani C, Smith J. Development and characteristics of airstepping in chronic 
spinal cats. J Neurosci 1985;5:1276-82. 
143. Alibiglou L, Lopez-Ortiz C, Walter CB, Brown DA. Bilateral Limb Phase 
Relationship and Its Potential to Alter Muscle Activity Phasing During Locomotion. J 
Neurophysiol 2009;102:2856-65. 
144. Loeb G, Hoffer J, Pratt C. Activity of spindle afferents from cat anterior thigh 
muscles. I. Identification and patterns during normal locomotion. Journal of 
Neurophysiology 1985;54:549. 
180 
 
145. Neptune R, Kautz S, Zajac F. Contributions of the individual ankle plantar flexors 
to support, forward progression and swing initiation during walking. Journal of 
biomechanics 2001;34:1387-98. 
146. Mussa-Ivaldi FA, Giszter SF, Bizzi E. Linear combinations of primitives in 
vertebrate motor control. Proceedings of the National Academy of Sciences 
1994;91:7534. 
147. Tresch M, Saltiel P, Bizzi E. The construction of movement by the spinal cord. 
Nat Neurosci 1999;2:162-7. 
148. Drew T, Kalaska J, Krouchev N. Muscle synergies during locomotion in the cat: a 
model for motor cortex control. The Journal of Physiology 2008;586:1239. 
149. Bizzi E, Mussa-Ivaldi FA, Giszter S. Computations underlying the execution of 
movement: a biological perspective. Science 1991;253:287-91. 
150. Flash T, Hochner B. Motor primitives in vertebrates and invertebrates. Current 
Opinion in Neurobiology 2005;15:660-6. 
151. Chvatal SA, Ting LH. Voluntary and Reactive Recruitment of Locomotor Muscle 
Synergies during Perturbed Walking. The Journal of Neuroscience 2012;32:12237-50. 
152. Dominici N, Ivanenko YP, Cappellini G, et al. Locomotor Primitives in Newborn 
Babies and Their Development. Science 2011;334:997-9. 
153. Frère J, Hug F. Between-subject variability of muscle synergies during a complex 
motor skill. Frontiers in Computational Neuroscience 2012;6. 
154. Ivanenko Y, Poppele R, Lacquaniti F. Five basic muscle activation patterns 
account for muscle activity during human locomotion. The Journal of Physiology 
2004;556:267-82. 
155. Krouchev N, Kalaska JF, Drew T. Sequential activation of muscle synergies 
during locomotion in the intact cat as revealed by cluster analysis and direct 
decomposition. Journal of Neurophysiology 2006;96:1991. 
156. Armstrong D, Drew T. Discharges of pyramidal tract and other motor cortical 
neurones during locomotion in the cat. The Journal of Physiology 1984;346:471. 
157. Drew T, Jiang W, Kably B, Lavoie S. Role of the motor cortex in the control of 
visually triggered gait modifications. Canadian journal of physiology and pharmacology 
1996;74:426-42. 
158. Lavoie S, Drew T. Discharge characteristics of neurons in the red nucleus during 
voluntary gait modifications: a comparison with the motor cortex. Journal of 
Neurophysiology 2002;88:1791. 
181 
 
159. Orlovsky G, Feldman A. Classification of the interneurones in the lumbosacral 
spinal cord in respect to their discharges during evoked locomotion. Neirofiziologiya 
(Kiev) 1972;4:410-17. 
160. Stein PSG, Daniels-McQueen S. Modular organization of turtle spinal 
interneurons during normal and deletion fictive rostral scratching. The Journal of 
Neuroscience 2002;22:6800-9. 
161. Markin SN, Lemay MA, Prilutsky BI, Rybak IA. Motoneuronal and muscle 
synergies involved in cat hindlimb control during fictive and real locomotion: a 
comparison study. Journal of Neurophysiology 2012;107:2057-71. 
162. Safavynia SA, Ting LH. Sensorimotor feedback based on task-relevant error 
robustly predicts temporal recruitment and multidirectional tuning of muscle synergies. 
Journal of Neurophysiology 2013;109:31-45. 
163. Duysens J, Clarac F, Cruse H. Load-regulating mechanisms in gait and posture: 
comparative aspects. Physiological Reviews 2000;80:83. 
164. Duysens J, Pearson KG. Inhibition of flexor burst generation by loading ankle 
extensor muscles in walking cats. Brain Research 1980;187:321-32. 
165. Conway BA, Hultborn H, Kiehn O. Proprioceptive input resets central locomotor 
rhythm in the spinal cat. Experimental Brain Research 1987;68:643-56. 
166. Pearson K, Ramirez J, Jiang W. Entrainment of the locomotor rhythm by group Ib 
afferents from ankle extensor muscles in spinal cats. Experimental Brain Research 
1992;90:557-66. 
167. Frigon A, Sirois J, Gossard J-P. Effects of Ankle and Hip Muscle Afferent Inputs 
on Rhythm Generation During Fictive Locomotion. J Neurophysiol 2010;103:1591-605. 
168. Hiebert GW, Whelan PJ, Prochazka A, Pearson KG. Contribution of hind limb 
flexor muscle afferents to the timing of phase transitions in the cat step cycle. J 
Neurophysiol 1996;75:1126-37. 
169. Grillner S, Rossignol S. On the initiation of the swing phase of locomotion in 
chronic spinal cats. Brain Research 1978;146:269-77. 
170. Pang MYC, Yang JF. The initiation of the swing phase in human infant stepping: 
importance of hip position and leg loading. The Journal of Physiology 2000;528:389-404. 
171. Whelan PJ, Hiebert GW, Pearson KG. Plasticity of the extensor group I pathway 
controlling the stance to swing transition in the cat. J Neurophysiol 1995;74:2782-7. 
182 
 
172. Whelan PJ, Hiebert GW, Pearson KG. Stimulation of the group I extensor 
afferents prolongs the stance phase in walking cats. Experimental Brain Research 
1995;103:20-30. 
173. Buford J, Smith J. Adaptive control for backward quadrupedal walking. II. 
Hindlimb muscle synergies. Journal of Neurophysiology 1990;64:756. 
174. Pratt C, Buford J, Smith J. Adaptive control for backward quadrupedal walking V. 
Mutable activation of bifunctional thigh muscles. Journal of Neurophysiology 
1996;75:832. 
175. Jansen K, De Groote F, Massaad F, Meyns P, Duysens J, Jonkers I. Similar 
muscles contribute to horizontal and vertical acceleration of center of mass in forward 
and backward walking: implications for neural control. Journal of Neurophysiology 
2012;107:3385-96. 
176. McVea DA, Pearson KG. Long-Lasting, Context-Dependent Modification of 
Stepping in the Cat After Repeated Stumbling-Corrective Responses. Journal of 
Neurophysiology 2007;97:659-69. 
177. Barbeau H, Ladouceur M, Norman KE, Pépin A, Leroux A. Walking after spinal 
cord injury: Evaluation, treatment, and functional recovery. Archives of Physical 
Medicine and Rehabilitation 1999;80:225-35. 
178. Belanger M, Drew T, Provencher J, Rossignol S. A comparison of treadmill 
locomotion in adult cats before and after spinal transection. J Neurophysiol 1996;76:471-
91. 
179. Eidelberg E, Story J, Meyer B, Nystel J. Stepping by chronic spinal cats. 
Experimental Brain Research 1980;40:241-6. 
180. Barbeau H, Rossignol S. Recovery of locomotion after chronic spinalization in 
the adult cat. Brain Research 1987;412:84-95. 
181. Lovely R, Gregor R, Roy R, Edgerton V. Weight-bearing hindlimb stepping in 
treadmill-exercised adult spinal cats. Brain Research 1990;514:206-18. 
182. Barbeau H, Fung J. The role of rehabilitation in the recovery of walking in the 
neurological population. Current Opinion in Neurology 2001;14:735. 
183. Chau C, Barbeau H, Rossignol S. Early Locomotor Training With Clonidine in 
Spinal Cats. J Neurophysiol 1998;79:392-409. 
184. Barbeau H, Rossignol S. Enhancement of locomotor recovery following spinal 
cord injury. Current Opinion in Neurology 1994;7:517-24. 
183 
 
185. Antri M, Orsal D, Barthe JY. Locomotor recovery in the chronic spinal rat: effects 
of long term treatment with a 5 HT2 agonist. European Journal of Neuroscience 
2002;16:467-76. 
186. Barbeau H, Chau C, Rossignol S. Noradrenergic agonists and locomotor training 
affect locomotor recovery after cord transection in adult cats. Brain Research Bulletin 
1993;30:387-93. 
187. Barbeau H, Ladouceur M, Mirbagheri MM, Kearney RE. The effect of locomotor 
training combined with functional electrical stimulation in chronic spinal cord injured 
subjects: walking and reflex studies. Brain Research Reviews 2002;40:274-91. 
188. Gerasimenko YP, Makarovskii A, Nikitin O. Control of locomotor activity in 
humans and animals in the absence of supraspinal influences. Neuroscience and 
Behavioral Physiology 2002;32:417-23. 
189. Musienko P, Bogacheva I, Gerasimenko YP. Significance of peripheral feedback 
in the generation of stepping movements during epidural stimulation of the spinal cord. 
Neuroscience and Behavioral Physiology 2007;37:181-90. 
190. Ichiyama R, Gerasimenko YP, Zhong H, Roy R, Edgerton V. Hindlimb stepping 
movements in complete spinal rats induced by epidural spinal cord stimulation. 
Neuroscience Letters 2005;383:339-44. 
191. Musienko PE, Zelenin PV, Orlovsky GN, Deliagina TG. Facilitation of postural 
limb reflexes with epidural stimulation in spinal rabbits. Journal of Neurophysiology 
2010;103:1080-92. 
192. Barthélemy D, Leblond H, Provencher J, Rossignol S. Nonlocomotor and 
locomotor hindlimb responses evoked by electrical microstimulation of the lumbar cord 
in spinalized cats. Journal of Neurophysiology 2006;96:3273. 
193. Gurfinkel V, Levik YS, Kazennikov O, Selionov V. Locomotor like movements 
evoked by leg muscle vibration in humans. European Journal of Neuroscience 
1998;10:1608-12. 
194. Postans NJ, Hasler JP, Granat MH, Maxwell DJ. Functional electric stimulation to 
augment partial weight-bearing supported treadmill training for patients with acute 
incomplete spinal cord injury: a pilot study. Archives of Physical Medicine and 
Rehabilitation 2004;85:604-10. 
195. Field-Fote EC. Spinal cord control of movement: implications for locomotor 
rehabilitation following spinal cord injury. Physical Therapy 2000;80:477. 
196. Carrier L, Brustein E, Rossignol S. Locomotion of the hindlimbs after neurectomy 
of ankle flexors in intact and spinal cats: model for the study of locomotor plasticity. 
Journal of Neurophysiology 1997;77:1979. 
184 
 
197. Courtine G, Song B, Roy RR, et al. Recovery of supraspinal control of stepping 
via indirect propriospinal relay connections after spinal cord injury. Nat Med 2008;14:69-
74. 
198. De Leon RD, Hodgson JA, Roy RR, Edgerton VR. Full Weight-Bearing 
Hindlimb Standing Following Stand Training in the Adult Spinal Cat. J Neurophysiol 
1998;80:83-91. 
199. Lamy J-C, Ho C, Badel A, Arrigo RT, Boakye M. Modulation of soleus H reflex 
by spinal DC stimulation in humans. Journal of Neurophysiology 2012;108:906-14. 
200. Afelt Z. Reflex activity in chronic spinal cats. Acta Neurobiol Exp 1970;30:129-
44. 
201. Sherrington C. Flexion-reflex of the limb, crossed extension-reflex, and reflex 
stepping and standing. J Physiol 1910;40:28-121. 
202. Gervasio S, Farina D, Sinkjær T, Mrachacz-Kersting N. Crossed reflex reversal 
during human locomotion. Journal of Neurophysiology 2013;109:2335-44. 
203. Nichols TR. The organization of heterogenic reflexes among muscles crossing the 
ankle joint in the decerebrate cat. The Journal of Physiology 1989;410:463-77. 
204. Brink E, Jankowska E, McCrea D, Skoog B. Inhibitory interactions between 
interneurones in reflex pathways from group Ia and group Ib afferents in the cat. The 
Journal of Physiology 1983;343:361. 
205. Jankowska E, Johannisson T, Lipski J. Common interneurones in reflex pathways 
from group 1a and 1b afferents of ankle extensors in the cat. The Journal of Physiology 
1981;310:381. 
206. Edgley SA, Jankowska E, Krutki P, Hammar I. Both dorsal horn and lamina VIII 
interneurones contribute to crossed reflexes from feline group II muscle afferents. Journal 
of Physiology 2003;552:961-74. 
207. Burke R. The use of state-dependent modulation of spinal reflexes as a tool to 
investigate the organization of spinal interneurons. Experimental Brain Research 
1999;128:263-77. 
208. Cabaj A, Stecina K, Jankowska E. Same spinal interneurons mediate reflex 
actions of group Ib and group II afferents and crossed reticulospinal actions. Journal of 
Neurophysiology 2006;95:3911-22. 
209. Arya T, Bajwa S, Edgley S. Crossed reflex actions from group II muscle afferents 
in the lumbar spinal cord of the anaesthetized cat. The Journal of Physiology 
1991;444:117. 
185 
 
210. Edgley SA, Jankowska E. Field Potentials Generated by Group II Muscle 
Afferents in the Middle Lumbar Segments of the Cat Spinal Cord. Journal of Physiology 
1987;385:393-413. 
211. Petersen N, Morita H, Nielsen J. Modulation of reciprocal inhibition between 
ankle extensors and flexors during walking in man. The Journal of Physiology 
1999;520:605-19. 
212. Wolpaw JR, Lee CL. Memory traces in primate spinal cord produced by operant 
conditioning of H-reflex. J Neurophysiol 1989;61:563-72. 
213. Wolpaw JR, Chen XY. The cerebellum in maintenance of a motor skill: A 
hierarchy of brain and spinal cord plasticity underlies H-reflex conditioning. Learning & 
Memory 2006;13:208-15. 
214. Gordon KE, Kinnaird CR, Ferris DP. Locomotor adaptation to a soleus EMG-
controlled antagonistic exoskeleton. Journal of Neurophysiology 2013;109:1804-14. 
215. Delcomyn F. Neural Basis of Rhythmic Behavior in Animals. Science 
1980;210:492-8. 
216. Grillner S, Wallen P. Central Pattern Generators for Locomotion, with Special 
Reference to Vertebrates. Annual Review of Neuroscience 1985;8:233-61. 
217. Courtine G, Roy R, Hodgson J, et al. Kinematic and EMG determinants in 
quadrupedal locomotion of a non-human primate (Rhesus). Journal of Neurophysiology 
2005;93:3127. 
218. Barriere G, Leblond H, Provencher J, Rossignol S. Prominent Role of the Spinal 
Central Pattern Generator in the Recovery of Locomotion after Partial Spinal Cord 
Injuries. J Neurosci 2008;28:3976-87. 
219. Cazalets J, Borde M, Clarac F. The synaptic drive from the spinal locomotor 
network to motoneurons in the newborn rat. Journal of Neuroscience 1996;16:298. 
220. Kremer E, Lev-Tov A. Localization of the Spinal Network Associated With 
Generation of Hindlimb Locomotion in the Neonatal Rat and Organization of Its 
Transverse Coupling System. J Neurophysiol 1997;77:1155-70. 
221. Magnuson DS, Trinder TC. Locomotor rhythm evoked by ventrolateral funiculus 
stimulation in the neonatal rat spinal cord in vitro. Journal of Neurophysiology 
1997;77:200-6. 
222. Arshavsky Y, Deliagina T, Orlovsky G. Pattern generation. Current Opinion in 
Neurobiology 1997;7:781-9. 
186 
 
223. Cowley KC, Zaporozhets E, Joundi RA, Schmidt BJ. Contribution of 
commissural projections to bulbospinal activation of locomotion in the in vitro neonatal 
rat spinal cord. Journal of Neurophysiology 2009;101:1171. 
224. Jankowska E, Jukes MGM, Ltmd S, Lundberg A. The Effect of DOPA on the 
Spinal Cord. 6. Half-Centre Organization of Interneurones  transmitting  effects from the  
flexor reflex afferents. . Acta Physiol Scand 1967;70:398-402  
225. Bonnot A, Morin D. Hemisegmental localisation of rhythmic networks in the 
lumbosacral spinal cord of neonate mouse. Brain Research 1998;793:136-48. 
226. Cangiano L, Grillner S. Fast and slow locomotor burst generation in the 
hemispinal cord of the lamprey. Journal of Neurophysiology 2003;89:2931. 
227. Lacquaniti F, Grasso R, Zago M. Motor Patterns in Walking. News in 
physiological sciences: an international journal of physiology produced jointly by the 
International Union of Physiological Sciences and the American Physiological Society 
1999;14:168. 
228. Halbertsma JM. The Stride Cycle of the Cat: the modelling of locomotion by 
computerized analysis of automatic recordings. Acta Physiologica Scandinavica 
Supplemental 1983;521:1-75. 
229. Beato M, Nistri A. Interaction between disinhibited bursting and fictive locomotor 
patterns in the rat isolated spinal cord. Journal of Neurophysiology 1999;82:2029. 
230. Martinez M, Tuznik M, Delivet-Mongrain H, Rossignol S. Emergence of 
Deletions during Treadmill Locomotion as a Function of Supraspinal and Sensory Inputs. 
The Journal of Neuroscience 2013;33:11599-605. 
231. Viala D, Viala G, Jordan M. Interneurones of the lumbar cord related to 
spontaneous locomotor activity in the rabbit. Experimental Brain Research 1991;84:177-
86. 
232. Jankowska E, Lundberg A. Interneurones in the spinal cord. Trends in 
Neurosciences 1981;4:230-3. 
233. Baev K, Degtiarenko A, Zavadskaia T, Kostiuk P. Activity of interneurons of the 
lumbar region of the spinal cord during fictive locomotion of thalamic cats]. Neir 
ofiziologiia= Neurophysiology 1979;11:329. 
234. Bonnot A, Whelan P, Mentis G, O'Donovan M. Spatiotemporal pattern of 
motoneuron activation in the rostral lumbar and the sacral segments during locomotor-
like activity in the neonatal mouse spinal cord. Journal of Neuroscience 2002;22:203. 
187 
 
235. Branchereau P, Morin D, Bonnot A, Ballion B, Chapron J, Viala D. Development 
of lumbar rhythmic networks: from embryonic to neonate locomotor-like patterns in the 
mouse. Brain Research Bulletin 2000;53:711-8. 
236. Jankowska E, Edgley SA, Krutki P, Hammar I. Functional differentiation and 
organization of feline midlumbar commissural interneurones. The Journal of Physiology 
2005;565:645-58. 
237. Aggelopoulos N, Burton M, Clarke R, Edgley S. Characterization of a descending 
system that enables crossed group II inhibitory reflex pathways in the cat spinal cord. 
Journal of Neuroscience 1996;16:723-9. 
238. Bajwa S, Edgley S, Harrison P. Crossed actions on group II-activated 
interneurones in the midlumbar segments of the cat spinal cord. The Journal of 
Physiology 1992;455:205. 
239. Edgley SA, Jankowska E. An interneuronal relay for group I and II muscle 
afferents in the midlumbar segments of the cat spinal cord. The Journal of Physiology 
1987;389:647-74. 
240. Cavallari P, Edgley SA, Jankowska E. Post-synaptic actions of midlumbar 
interneurons on motoneurones in hind-limb muscles in the cat. J Physiol 1987;389:675-
89. 
241. Jankowska E, Bannatyne BA, Stecina K, Hammar I, Cabaj A, Maxwell DJ. 
Commissural interneurons with input from group I and II muscle afferents in feline 
lumbar segments: neurotransmitters, projections and target cells. The Journal of 
Physiology 2009;587:401-18. 
242. Bannatyne BA, Liu TT, Hammar I, Stecina K, Jankowska E, Maxwell DJ. 
Excitatory and inhibitory intermediate zone interneurons in pathways from feline group I 
and II afferents: differences in axonal projections and input. The Journal of Physiology 
2009;587:379-99. 
243. Jankowska E. Spinal interneuronal networks in the cat; elementary components. 
Brain Res Rev 2008;57:46-55. 
244. Jankowska E, Maxwell D, Bannatyne B. On coupling and decoupling of spinal 
interneuronal networks. Archives italiennes de biologie 2007;145:235-50. 
245. Angel MJ, Jankowska E, McCrea DA. Candidate interneurones mediating group I 
disynaptic EPSPs in extensor motoneurones during fictive locomotion in the cat. The 
Journal of Physiology 2005;563:597-610. 
246. Jankowska E, Krutki P, Matsuyama K. Relative contribution of Ia inhibitory 
interneurones to inhibition of feline contralateral motoneurones evoked via commissural 
interneurones. The Journal of Physiology 2005;568:617-28. 
188 
 
247. Jankowska E, Slawinska U, Hammar I. On organization of a neuronal network in 
pathways from group II muscle afferents in feline lumbar spinal segments. The Journal of 
Physiology 2002;542:301-14. 
248. Jankowska E. Spinal interneuronal systems: identification, multifunctional 
character and reconfigurations in mammals. The Journal of Physiology 2001;533:31. 
249. Maxwell D, Kerr R, Jankowska E, Riddell J. Synaptic connections of dorsal horn 
group II spinal interneurons: synapses formed with the interneurons and by their axon 
collaterals. The Journal of Comparative Neurology 1997;380:51-69. 
250. Jankowska E, Riddell J. Interneurones mediating presynaptic inhibition of group 
II muscle afferents in the cat spinal cord. The Journal of Physiology 1995;483:461. 
251. Jankowska E, Noga B. Contralaterally projecting lamina VIII interneurones in 
middle lumbar segments in the cat. Brain Research 1990;535:327-30. 
252. Harrison P, Jankowska E, Zytnicki D. Lamina VIII interneurones interposed in 
crossed reflex pathways in the cat. The Journal of Physiology 1986;371:147. 
253. Harrison PJ, Jankowska E. Sources of input to interneurones mediating group I 
non-reciprocal inhibition of motoneurones in the cat. J Physiol 1985;361:379-401. 
254. Harrison PJ, Jankowska E. Organization of input to the interneurones mediating 
group I non-reciprocal inhibition of motoneurones in the cat. The Journal of Physiology 
1985;361:403-18. 
255. Czarkowska J, Jankowska E, Sybirska E. Common interneurones in reflex 
pathways from group 1a and 1b afferents of knee flexors and extensors in the cat. The 
Journal of Physiology 1981;310:367. 
256. Jankowska E, Padel Y, Zarzecki P. Crossed disynaptic inhibition of sacral 
motoneurons. J Physiol 1978;285:425-44. 
257. Jankowska E, Roberts WJ. An electrophysiological demonstration of the axonal 
projections of single spinal interneurones in the cat. J Physiol 1972;222:597-622. 
258. Jankowska E, Jukes M, Lund S, Lundberg A. The effect of DOPA on the spinal 
cord 5. Reciprocal organization of pathways transmitting excitatory action to alpha 
motoneurons of flexors and extensors. Acta Physiol Scand 1967;70:369-88. 
259. Hongo T, Jankowska E, Lundberg A. Convergence of excitatory and inhibitory 
action on interneurones in the lumbosacral cord. Experimental Brain Research 
1966;1:338-58. 
260. Buchanan JT. Commissural interneurons in rhythm generation and intersegmental 
coupling in the lamprey spinal cord. Journal of Neurophysiology 1999;81:2037. 
189 
 
261. Salinas E, Sejnowski TJ. Correlated neuronal activity and the flow of neural 
information. Nat Rev Neurosci 2001;2:539-50. 
262. König P, Engel AK, Singer W. Relation between oscillatory activity and long-
range synchronization in cat visual cortex. Proceedings of the National Academy of 
Sciences of the United States of America 1995;92:290. 
263. Engel AK, Konig P, Kreiter AK, Singer W. Interhemispheric Synchronization of 
Oscillatory Neuronal Responses in Cat Visual Cortex. Science 1991;252:1177-9. 
264. Tresch MC, Kiehn O. Coding of Locomotor Phase in Populations of Neurons in 
Rostral and Caudal Segments of the Neonatal Rat Lumbar Spinal Cord. J Neurophysiol 
1999;82:3563-74. 
265. Cohen AH, Bard Ermentrout G, Kiemel T, Kopell N, Sigvardt KA, Williams TL. 
Modelling of intersegmental coordination in the lamprey central pattern generator for 
locomotion. Trends in Neurosciences 1992;15:434-8. 
266. Stein PSG. Neural control of interappendage phase during locomotion. American 
Zoologist 1974;14:1003-16. 
267. Sigvardt KA, Miller WL. Analysis and modeling of the locomotor central pattern 
generator as a network of coupled oscillators. Annals of the New York Academy of 
Sciences 1998;860:250-65. 
268. Delvolvé I, Bem T, Cabelguen J-M. Epaxial and limb muscle activity during 
swimming and terrestrial stepping in the adult newt, Pleurodeles waltl. Journal of 
Neurophysiology 1997;78:638-50. 
269. Wallen P, Williams TL. Fictive locomotion in the lamprey spinal cord in vitro 
compared with swimming in the intact and spinal animal. The Journal of Physiology 
1984;347:225-39. 
270. Suzue T. Movements of mouse fetuses in early stages of neural development 
studied in vitro. Neuroscience Letters 1996;218:131-4. 
271. Bonnot A, Whelan P, Mentis G, O'Donovan M. Locomotor-like activity generated 
by the neonatal mouse spinal cord. Brain Research Reviews 2002;40:141-51. 
272. Manjarrez E, Jiménez I, Rudomin P. Intersegmental synchronization of 
spontaneous activity of dorsal horn neurons in the cat spinal cord. Experimental Brain 
Research 2003;148:401-13. 
273. Chávez D, Rodríguez E, Jiménez I, Rudomin P. Changes in correlation between 
spontaneous activity of dorsal horn neurones lead to differential recruitment of inhibitory 
pathways in the cat. The Journal of Physiology 2012. 
190 
 
274. Giszter S, Patil V, Hart C. Primitives, premotor drives, and pattern generation: a 
combined computational and neuroethological perspective. Progress in Brain Research 
2007;165:323-46. 
275. Cappellini G, Ivanenko YP, Dominici N, Poppele RE, Lacquaniti F. Migration of 
Motor Pool Activity in the Spinal Cord Reflects Body Mechanics in Human Locomotion. 
Journal of Neurophysiology 2010;104:3064-73. 
276. Ivanenko YP, Dominici N, Cappellini G, et al. Changes in the Spinal Segmental 
Motor Output for Stepping during Development from Infant to Adult. The Journal of 
Neuroscience 2013;33:3025-36. 
277. Abeles M, Hayon G, Lehmann D. Modeling compositionality by dynamic binding 
of synfire chains. Journal of Computational Neuroscience 2004;17:179-201. 
278. Tresch M, Kiehn O. Motor coordination without action potentials in the 
mammalian spinal cord. Nature Neuroscience 2000;3:593-9. 
279. Barajon I, Gossard J, Hultborn H. Induction of fos expression by activity in the 
spinal rhythm generator for scratching* 1. Brain Research 1992;588:168-72. 
280. Tresch MC, Kiehn O. Population reconstruction of the locomotor cycle from 
interneuron activity in the mammalian spinal cord. Journal of Neurophysiology 
2000;83:1972. 
281. Georgopoulos AP, Schwartz AB, Kettner RE. Neuronal population coding of 
movement direction. Science 1986;233:1416. 
282. Abbott L, Dayan P. The effect of correlated variability on the accuracy of a 
population code. Neural Computation 1999;11:91-101. 
283. Sakurai Y. Population coding by cell assemblies--what it really is in the brain. 
Neuroscience Research 1996;26:1-16. 
284. Averbeck BB, Latham PE, Pouget A. Neural correlations, population coding and 
computation. Nature Reviews Neuroscience 2006;7:358-66. 
285. Lin L, Osan R, Tsien JZ. Organizing principles of real-time memory encoding: 
neural clique assemblies and universal neural codes. Trends in Neurosciences 
2006;29:48-57. 
286. Forssberg H, Grillner S. The locomotion of the acute spinal cat injected with 
clonidine i.v. Brain Research 1973;50:184-6. 
287. Boyce VS, Tumolo M, Fischer I, Murray M, Lemay MA. Neurotrophic Factors 
Promote and Enhance Locomotor Recovery in Untrained Spinalized Cats. J Neurophysiol 
2007;98:1988-96. 
191 
 
288. Jinks SL, Atherley RJ, Dominguez CL, Sigvardt KA, Antognini JF. Isoflurane 
disrupts central pattern generator activity and coordination in the lamprey isolated spinal 
cord. Anesthesiology 2005;103:567. 
289. McCrea D, Shefchyk S, Stephens M, Pearson K. Disynaptic group I excitation of 
synergist ankle extensor motoneurones during fictive locomotion in the cat. The Journal 
of Physiology 1995;487:527. 
290. Micera S, Sabatini AM, Dario P. An algorithm for detecting the onset of muscle 
contraction by EMG signal processing. Medical Engineering & Physics 1998;20:211-5. 
291. Humphries MD. Spike-Train Communities: Finding Groups of Similar Spike 
Trains. J Neurosci 2011;31:2321-36. 
292. Hill DM, Mehta SB, Kleinfeld D. UltraMegaSort2000 Manual. In; 2010. 
293. Joshua M, Elias S, Levine O, Bergman H. Quantifying the isolation quality of 
extracellularly recorded action potentials. Journal of Neuroscience Methods 
2007;163:267-82. 
294. Boulton AA, Baker GB, Vanderwolf CH. Neurophysiological techniques: 
applications to neural systems: Humana Press; 1990. 
295. Bishop CM. Pattern recognition and machine learning: springer New York; 2006. 
296. Chen M. Variational Bayesian Inference for Gaussian Mixture Model. MATLAB 
Central File Exchange 2012. 
297. Gabbiani F, Koch C. Principles of spike train analysis. Methods in neuronal 
modeling 1998:313-60. 
298. Eden UT, Kramer MA. Drawing inferences from Fano factor calculations. Journal 
of Neuroscience Methods 2010;190:149-52. 
299. Nawrot MP, Boucsein C, Rodriguez Molina V, Riehle A, Aertsen A, Rotter S. 
Measurement of variability dynamics in cortical spike trains. Journal of Neuroscience 
Methods 2008;169:374-90. 
300. Berens P. CircStat: a MATLAB toolbox for circular statistics. Journal of 
Statistical Software 2009;31. 
301. Raastad M, Kiehn O. Spike coding during locomotor network activity in ventrally 
located neurons in the isolated spinal cord from neonatal rat. Journal of Neurophysiology 
2000;83:2825. 
302. Drew T, Doucet S. Application of circular statistics to the study of neuronal 
discharge during locomotion. Journal of Neuroscience Methods 1991;38:171-81. 
192 
 
303. Zar JH. Biostatistical analysis. Prentice Hall New Jersey 1999;4. 
304. Batschelet E. Circular Statistics in Biology. New York: Academic Press; 1981. 
305. Gatto R. Some computational aspects of the generalized von Mises distribution. 
Statistics and computing 2008;18:321-31. 
306. Gatto R, Jammalamadaka SR. The generalized von Mises distribution. Statistical 
Methodology 2007;4:341-53. 
307. Newman GI, Aggarwal V, Schieber MH, Thakor NV. Identifying neuron 
communities during a reach and grasp task using an unsupervised clustering analysis. In: 
Engineering in Medicine and Biology Society, EMBC, 2011 Annual International 
Conference of the IEEE; 2011: IEEE; 2011. p. 6401-4. 
308. Nishimaru H, Kakizaki M. The role of inhibitory neurotransmission in locomotor 
circuits of the developing mammalian spinal cord. Acta Physiologica 2009;197:83-97. 
309. Endo T, Kiehn O. Asymmetric Operation of the Locomotor Central Pattern 
Generator in the Neonatal Mouse Spinal Cord. J Neurophysiol 2008;100:3043-54. 
310. Morrow MM, Miller LE. Prediction of Muscle Activity by Populations of 
Sequentially Recorded Primary Motor Cortex Neurons. J Neurophysiol 2003;89:2279-88. 
311. Griffin DM, Hudson HM, Belhaj-Saif A, McKiernan BJ, Cheney PD. Do 
Corticomotoneuronal Cells Predict Target Muscle EMG Activity? J Neurophysiol 
2008;99:1169-986. 
312. Orlovskii GN, Fel'dman AG. Role of Afferent Activity in the Generation of 
Stepping Movements. Neurophysiology 1972;4:304-10. 
313. Kiehn O, Kjaerulff O. Distribution of central pattern generators for rhythmic 
motor outputs in the spinal cord of limbed vertebrates. Annals of the New York Academy 
of Sciences 1998;860:110-29. 
314. O'Donovan M. Motor activity in the isolated spinal cord of the chick embryo: 
synaptic drive and firing pattern of single motoneurons. J Neurosci 1989;9:943-58. 
315. O'Donovan MJ. Developmental approaches to the analysis of vertebrate central 
pattern generators. Journal of Neuroscience Methods 1987;21:275-86. 
316. Jessell TM. Neuronal specification in the spinal cord: inductive signals and 
transcriptional codes. Nature Reviews Genetics 2000;1:20-9. 
317. Burns SP, Xing D, Shapley RM. Comparisons of the Dynamics of Local Field 
Potential and Multiunit Activity Signals in Macaque Visual Cortex. J Neurosci 
2010;30:13739-49. 
193 
 
318. Legatt AD, Arezzo J, Vaughan Jr HG. Averaged multiple unit activity as an 
estimate of phasic changes in local neuronal activity: effects of volume-conducted 
potentials. Journal of Neuroscience Methods 1980;2:203-17. 
319. Super H, Roelfsema P. Chronic multiunit recordings in behaving animals: 
advantages and limitations. Progress in Brain Research 2005;147:263-81. 
320. Stark E, Abeles M. Predicting movement from multiunit activity. The Journal of 
Neuroscience 2007;27:8387. 
321. Van Der Meer MA, Redish AD. Low and high gamma oscillations in rat ventral 
striatum have distinct relationships to behavior, reward, and spiking activity on a learned 
spatial decision task. Frontiers in Integrative Neuroscience 2009;3:9. 
322. Siegel M, Donner TH, Engel AK. Spectral fingerprints of large-scale neuronal 
interactions. Nature Reviews Neuroscience 2012. 
323. Fries P. A mechanism for cognitive dynamics, neuronal communication through 
neuronal coherence. Trends Cogn Sci 2005;9:474-80. 
324. Conway BA, Halliday DM, Farmer SF, et al. Synchronization between motor 
cortex and spinal motoneuronal pool during the performance of a maintained motor task 
in man. Journal of Physiology 1995;498:917-24. 
325. Amjad A, Halliday D, Rosenberg J, Conway B. An extended difference of 
coherence test for comparing and combining several independent coherence estimates: 
theory and application to the study of motor units and physiological tremor. Journal of 
Neuroscience Methods 1997;73:69-79. 
326. Miller WL, Sigvardt KA. Spectral analysis of oscillatory neural circuits. Journal 
of Neuroscience Methods 1998;80:113-28. 
327. Mor Y, Lev-Tov A. Analysis of rhythmic patterns produced by spinal neural 
networks. Journal of Neurophysiology 2007;98:2807. 
328. Baker SN, Pinches EM, Lemon RN. Synchronization in Monkey Motor Cortex 
During a Precision Grip Task. II. Effect of Oscillatory Activity on Corticospinal Output. 
Journal of Neurophysiology 2003;89:1941-53. 
329. Berkowitz A. Propriospinal projections to the ventral horn of the rostral and 
caudal hindlimb enlargement in turtles. Brain Research 2004;1014:164-76. 
330. Christie K, Whelan P. Monoaminergic establishment of rostrocaudal gradients of 
rhythmicity in the neonatal mouse spinal cord. Journal of Neurophysiology 
2005;94:1554-64. 
194 
 
331. Lennard PR, Hermanson JW. Central reflex modulation during locomotion. 
Trends in Neurosciences 1985;8:483-6. 
332. Eccles RM, LUNDBERG A. Synaptic actions in motoneurones by afferents 
which may evoke the flexion reflex. Arch ital Biol 1959  
333. Baldissera F, Hultborn H, Illert M. Integration in spinal neuronal systems. 
Handbook of Physiology The Nervous System Motor Control 1981:509–95. 
334. Wiggin TD, Anderson TM, Eian J, Peck JH, Masino MA. Episodic swimming in 
the larval zebrafish is generated by a spatially distributed spinal network with modular 
functional organization. Journal of Neurophysiology 2012;108:925-34. 
335. Cuellar C, Trejo A, Linares P, et al. Spinal neurons bursting in phase with fictive 
scratching are not related to spontaneous cord dorsum potentials. Neuroscience 
2014;266:66-79. 
336. Bokil H, Andrews P, Kulkarni JE, Mehta S, Mitra PP. Chronux: a platform for 
analyzing neural signals. Journal of Neuroscience Methods 2010;192:146-51. 
337. Bokil H, Purpura K, Schoffelen J-M, Thomson D, Mitra P. Comparing spectra 
and coherences for groups of unequal size. Journal of Neuroscience Methods 
2007;159:337-45. 
338. Mitra P, Bokil H. Observed brain dynamics: Oxford University Press, USA; 2008. 
339. Zeitler M, Fries P, Gielen S. Assessing neuronal coherence with single-unit, 
multi-unit, and local field potentials. Neural Computation 2006;18:2256-81. 
340. Thissen D, Steinberg L, Kuang D. Quick and Easy Implementation of the 
Benjamini-Hochberg Procedure for Controlling the False Positive Rate in Multiple 
Comparisons. Journal of Educational and Behavioral Statistics 2002;27:77-83. 
341. Goldfine AM, Victor JD, Conte MM, Bardin JC, Schiff ND. Determination of 
awareness in patients with severe brain injury using EEG power spectral analysis. 
Clinical Neurophysiology 2011;122:2157-68. 
342. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. Journal of the Royal Statistical Society Series B 
(Methodological) 1995:289-300. 
343. Schoffelen J-M, Oostenveld R, Fries P. Neuronal Coherence as a Mechanism of 
Effective Corticospinal Interaction. Science 2005;308:111-3. 
344. Raethjen J, Lindemann M, Dümpelmann M, et al. Corticomuscular coherence in 
the 6–15 Hz band: is the cortex involved in the generation of physiologic tremor? 
Experimental Brain Research 2002;142:32-40. 
195 
 
345. Marder E. Motor pattern generation. Current Opinion in Neurobiology 
2000;10:691-8. 
346. Saint-Amant L, Drapeau P. Synchronization of an embryonic network of 
identified spinal interneurons solely by electrical coupling. Neuron 2001;31:1035-46. 
347. Hiebert GW, Gorassini MA, Jiang W, Prochazka A, Pearson KG. Corrective 
responses to loss of ground support during walking. II. Comparison of intact and chronic 
spinal cats. Journal of Neurophysiology 1994;71:611-. 
348. Yakovenko S, McCrea DA, Stecina K, Prochazka A. Control of Locomotor Cycle 
Durations. J Neurophysiol 2005;94:1057-65. 
349. Côté MP, Gossard JP. Step training-dependent plasticity in spinal cutaneous 
pathways. The Journal of Neuroscience 2004;24:11317. 
350. Iizuka M, Kiehn O, Kudo N. Development in neonatal rats of the sensory 
resetting of the locomotor rhythm induced by NMDA and 5-HT. Experimental Brain 
Research 1997;114:193-204. 
351. Kiehn O, Iizuka M, Kudo N. Resetting from low threshold afferents of N-methyl-
D-aspartate-induced locomotor rhythm in the isolated spinal cord-hindlimb preparation 
from newborn rats. Neuroscience Letters 1992;148:43-6. 
352. Berridge MJ. Spatial and Temporal Aspects of Signalling. In: Cell Signalling 
Biology: Portland Press Limited; 2012. 
353. DIMITRIJEVIC MR, GERASIMENKO Y, PINTER MM. Evidence for a Spinal 
Central Pattern Generator in Humans<sup>a</sup>. Annals of the New York Academy 
of Sciences 1998;860:360-76. 
354. Beres-Jones JA, Johnson TD, Harkema SJ. Clonus after human spinal cord injury 
cannot be attributed solely to recurrent muscle-tendon stretch. Experimental Brain 
Research 2003;149:222-36. 
355. Jansen J, Rack P. The reflex response to sinusoidal stretching of soleus in the 
decerebrate cat. The Journal of Physiology 1966;183:15. 
356. Fagni L, Weiss M, Pellet J, Hugon M. The possible mechanisms of the high 
pressure-induced motor disturbances in the cat. Electroencephalography and clinical 
neurophysiology 1982;53:590-601. 
357. Hayes HB, Chang Y-H, Hochman S. An In Vitro Spinal Cord-Hindlimb 
Preparation for Studying Behaviorally Relevant Rat Locomotor Function. J Neurophysiol 
2009;101:1114-22. 
196 
 
358. Brownstone RM, Wilson JM. Strategies for delineating spinal locomotor rhythm-
generating networks and the possible role of Hb9 interneurones in rythmogenesis. Brain 
Research Reviews 2008;57:64-76. 
359. Wilson J, Hartley R, Maxwell D, et al. Conditional rhythmicity of ventral spinal 
interneurons defined by expression of the Hb9 homeodomain protein. Journal of 
Neuroscience 2005;25:5710. 
360. Satou C, Kimura Y, Higashijima S-i. Generation of Multiple Classes of V0 
Neurons in Zebrafish Spinal Cord: Progenitor Heterogeneity and Temporal Control of 
Neuronal Diversity. The Journal of Neuroscience 2012;32:1771-83. 
361. Stepien AE, Arber S. Probing the Locomotor Conundrum: Descending the ‘V’ 
Interneuron Ladder. Neuron 2008;60:1-4. 
362. Duysens J, McCrea D, Lafreniere-Roula, M. How deletions in a model could help 
explain deletions in the laboratory. Journal of Neurophysiology 2005;95:562-5. 
363. Rybak IA, Shevtsova NA, Lafreniere-Roula M, McCrea DA. Modelling spinal 
circuitry involved in locomotor pattern generation: insights from deletions during fictive 
locomotion. The Journal of Physiology 2006;577:617-39. 
 
 
  
197 
 
Appendix I: Neuron Tracking Via Variational Bayesian Mixture Model 
  
Overview:  
 
Due to our experimental protocol, during single unit recording a single 8x8 (64) 
channel electrode array is placed within the spinal cord at a stereotaxically verified 
placement. 
This 64 site array is kept in place over numerous 1 min air-stepping trials. Each electrode 
site within the array has been analyzed during that 60 second trial for individual neuron's 
action potential times. This leaves the distinct possibility that the same neuron has been 
recorded across numerous consecutive air-stepping trials, and there are multiple records 
describing its firing times during air-stepping. 
           Therefore, in order to accurately describe the number of distinct neurons that have 
been recorded at specific spinal segments, it is necessary to get a count by tracking units 
across trials in a statistically quantifiable method 
  
Data Organization and Database Layout: 
  
 
  
Every experiment is broken down into trials per experiment, electrode locations per 
trial (table labeled Location as we implant 2 64 site arrays into the cord at once), channels 
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per electrode, units per channel, action potentials per unit and finally, our updated table 
of interest, unique ID per unit.  
 
  
In this unit tracking protocol, the only variable being updated is the UniqueID 
assigned to each unit that has been previously identified separately for each air-stepping 
trial.   
Step 1: Load all action potential waveforms from every unit recorded at a specific 
location 
 
In reference to the database structure above, all units from the same cat, every 
trial that the electrode was stationary, the same electrode and the same channel is loaded 
into a data matrix of Action Potential x Waveform Point.  
Experiment Trial Electrode Channel Group UnitID 
6  '017'     [1]     [11]     [1]     [3970] 
6   '017'     [1]     [11]     [2]     [3971]  
6   '020'     [1]     [11]    [3]     [3989] 
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6   '021'   [1]     [11]     [3]     [4012]   
6   '022'     [1]     [11]    [1]     [4033] 
6    '023'    [1]     [11]     [3]     [4049]  
 
 Using the above example, if each of the 6 separate units had 100 action potentials fired 
during their trial, the data matrix would be  600 action potentials x 37 waveform data 
points. 
An indexing vector that is 1 x 600 would give an ID to each waveform that belongs to a 
separate unit. In this case it would be 100 1's; 100 2's; 100 3's, etc. The following figure 
shows the mean waveform shape for each unit described above  
 
 
As you can see, the blue waveform shape from cat bobo, trial 17, electrode 1, channel 11, 
group 1 appears to have a slightly different mean waveform shape than the other 5 units 
recorded at the same location. 
Step 2: Collecting the first 3 principal components for each action potential 
 
Due to the dimensionality reduction capabilities of principal components analysis, the 
first three PCs from each waveform shape (that describes 97% of the variability of the 
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data matrix) is used to cluster each waveform of the entire data matrix. As you can see in 
the 3D representation in the plots below, all waveforms are represented by a single point 
that are color coordinated to their respective units 
 
  
 
 
 
To the naked eye, it is difficult to tell if all neurons belong to one cluster based upon the 
1st 3 PC of their waveform shape, or if there are 2 separate clusters representing 2 
different neurons. 
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Step 3: Perform Variational Bayesian Gaussian Mixture Modeling to the entire 
dataset to form unbiased border criteria for distinct neuron populations 
  
  
  
Unlike k means clustering, this method does not require an a-priori description of the 
number of clusters you want to create. It only requires a value for the maximum number 
to clusters (in our case the number of units we've loaded for this analysis). As you can 
see, the algorithm detects 2 distinct neurons as indicated by the separate colors displayed 
above. 
   
 Step 4: Assign Cluster (Neuron) Membership to each loaded unit 
  
  
Because the VBGMM method has assigned membership of each waveform to one of 2 
neurons (clusters), a simple percentage calculation of each indexed unit to the calculated 
neuron will determine if a unit will be assigned to a neuron with other units, or remain its 
own distinct neuron (as in its maximum percentage of membership will determine). 
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Appedix II: Bimodal Single Unit Tuning 
 
As the Rayleigh test of uniformity assumed a unimodal distribution, two tests 
were performed to distinguish unimodally tuned neurons from bimodally tuned neurons. 
The circular analog to the Gaussian distribution, the vonMises distribution, was fit to the 
binned spike time histogram in order to assess whether the neuron’s modulation to the 
step cycle was unimodal. Maximum likelihood estimation was used to estimate the 
vonMises scale factor, kappa, and the model was fit to the normalized dataset using 2 
parameters (kappa and resultant magnitude of the preferred direction, r). 
To classify the bimodally tuned neurons, a generalized vonMises distribution 
developed for circular bimodal distributions was estimated (Gatto2007,2008) for each 
normalized histogram of neural firing. Maximum likelihood estimation of normalized 
spike times provided the estimates for the 4 parameters {u1, u2, k1, k2} of the 
generalized vonMises distribution. 
In order to be considered a bimodal distribution, the model needed to fit a number 
of criteria: 1) scale factors (k1, k2) had to be sufficiently large (>0.1) so that peaks were 
relevant, 2) ratio between the peaks’ amplitudes (lowest peak amplitude/greatest peak 
amplitude) had to be greater than 20% to ensure that both peaks were of relevant relative 
amplitude, 3) the greatest trough height could not be more than 50% of the amplitude of 
the smallest peak height, in order to establish adequate distinction between peaks, 4) local 
minima and maxima detection functions had to detect only 2 peaks and 2 troughs in the 
model (MATLAB, imregionalmin, findpeaks) and  5) the separation statistic (the shortest 
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distance between the peaks / the sum of the peak tuning widths) had to be greater than 
one to ensure that the peaks did not overlap. 
Modality was determined by a test that measured both the goodness of fit of the 
model to the data, while accomodating for the number of parameters used to create the 
model. The log likelihood ratio test compared the 4 parameters of the generalized 
vonMises model  (u1, u2, k1, k2) to the 2 parameters of the restricted vonMises model 
(kappa, r). If the full model (generalized vonMises) had a greater log likelihood than the 
restricted model (vonMises) (p<0.05, llrtest), a nonparametric test for goodness of fit 
determined if the generalized vonMises model fit the data (watson U2 test, p=0.05). 
Finally, an omnibus test for circular uniformity determined whether the data was 
uniformly distributed throughout the step (Hodges-Ajne, p<0.05). After passing all 
criteria, the bimodal dsitribution’s two preferred phases were determined as the peak 
phases of the model. 
 
Gatto, R. (2008). "Some computational aspects of the generalized von Mises 
distribution." Statistics and computing 18(3): 321-331. 
 
Gatto, R. and S. R. Jammalamadaka (2007). "The generalized von Mises distribution." 
Statistical Methodology 4(3): 341-353. 
Appendix III: MUA Relative Power per Lumbar Segment and Subject 
 
Results of the averaged multiunit power spectra for all recordings within the same lumbar 
segment per cat.  
X-Axis: Frequency (Hz)  
Y-Axis: Power (dB) 
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